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 Using cells, materials, physical and/or chemical factors, tissue engineering 
(TE) is being researched extensively for the repair or regeneration of tissues and 
organs after damage/disease. With arthritis being the leading cause of disability in the 
United States, cartilage TE and associated techniques are actively being researched as 
potential solutions to halting the progression of the disease. 
 This thesis investigated how physical stimuli used in cartilage TE affect the 
formation of functional TE cartilage. The lack of sufficient metrics available in the 
field for defining cell response is highlighted, which has hindered faster advancement 
of the field. The overall hypothesis of this work was that different levels of physical 
stimuli regulate the functionality of TE constructs and these levels differentially affect 
mesenchymal stem cells (MSCs). The first aim addressing this hypothesis established 
a baseline on the effects of cell density, type and species on engineered constructs. 
The second aim developed finite element (FE) models of scaffolds commonly used in 
cartilage TE undergoing dynamic compression, to quantify the physical stimuli present 
within them. Finally, the third and fourth aims investigated the effects of scaffold 
composition and physical stimuli on matrix metabolism by chondrocytes and 
differentiated MSCs, respectively. 
 Chondrocytes and MSCs differed in their ability to metabolize matrix proteins. 
This difference was dependent on cell density, cell species and scaffold composition. 
   
For example, MSCs lacked the ability to retain and aggregate produced proteoglycan, 
and the absence of link protein may play a role. FE models showed that scaffolds 
generally used for cartilage TE yielded gradients of physical stimuli spanning orders 
of magnitude, for similar loading conditions. The consequence of such variations in 
physical stimuli was evident in cells seeded in lower weight percent scaffolds (i.e. less 
complaint and more permeable) producing more matrix proteins, but retaining the 
least amounts compared to higher weight percent constructs. 
 These results highlight a limitation in the use of MSCs for cartilage TE; 
although MSCs are capable of matching the amounts of matrix produced by 
chondrocytes, they lack retention capabilities. The results also makes evident, the 
difficulty in comparing studies on the use of dynamic compression for the 
enhancement of cartilage TE constructs. 
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CHAPTER 1 
 
Introduction 
 
 This dissertation focuses on the ability of the terminally differentiated cell of 
cartilage tissue (chondrocytes) and its progenitor cell (mesenchymal stem cells) to 
produce and retain glycosaminoglycan, a key component of cartilage tissue that plays 
a major role in its ability to function normally. The properties, development and 
pathology of cartilage tissues are first introduced to give a background and preface to 
the work presented here. The use of cartilage tissue engineering techniques for 
therapeutic interventions is then detailed. The first aim established a baseline for the 
behavior of mesenchymal stem cells and chondrocytes in alginate scaffolds as a 
function of standard conditions (cell density, type and species) perturbed in cartilage 
engineering research. The aim also highlighted caveats for the use of mesenchymal 
stem cells for cartilage tissue engineering with current techniques and scaffolds. The 
second aim develops a finite element model for the analysis of dynamic loading on 
cartilage tissue engineered constructs. The studies of this aim also included the 
parametric analysis of physical stimuli generated within various scaffolds used in the 
field. The third aim related extracellular matrix assembly by chondrocytes to the 
ranges in physical stimuli present in engineered constructs due to dynamic loading. 
And finally, the last aim details the differential behavior of mesenchymal stem cells 
when subjected to the same ranges in physical stimuli during dynamic loading of 
engineering constructs. 
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Cartilage 
Characteristics 
Cartilage, an avascular, aneural and alymphatic tissue, is present in several forms 
within the human body. This tissue is a dense fibrous connective tissue that depends 
highly on diffusion and convection for nutrient transport and waste removal. Cartilage 
plays a crucial role in the growth and development of vertebrate organisms by forming 
a majority of the temporary skeletal system of an embryo (1). This temporary template 
is then used as the pattern for the development of the adult skeleton.  The development 
of this tissue involves series of highly choreographed temporally and spatially varying 
factors including chemical, physical and mechanical cues, that culminate in the 
development of a functional skeletal system. 
 A thin layer of hyaline cartilage lining the ends of long bones, articular 
cartilage is a specialized type of cartilage with low frictional properties (1, 2). This 
tissue aids in the distribution of loads efficiently within diarthrodial joints and also 
functions as a shock absorber during high impact loading. The unique zonal 
extracellular matrix (ECM) architecture of cartilage is responsible for its ability to 
resist compressive, tensile and shear forces upon loading. This architecture is 
produced by the small population of chondrocytes (10% of the tissue volume), cells 
intrinsic to cartilage tissue. These cells are responsible for laying the predominantly 
rich network of type II collagen (50-75% of its dry weight) interwoven with 
proteoglycans (15-40% of dry weight) (1, 2) that make up the major matrix 
constituents of the tissue. Water is its most abundant component at approximately 70% 
of its wet weight.  
 Proteoglycans are macromolecules made up of one or more 
glycosaminoglycans (GAG) chains covalently bound to a protein core (3, 4). 
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Aggrecan, the major proteoglycan of articular cartilage, is formed by numerous 
proteoglycan monomers bound by non-covalent bonds via link protein molecules to 
long hyaluronic acid (HA) chains to form aggregates. These aggregates, hydrated due 
to their high fixed negative charge, are responsible for the high water content (5) and 
subsequently, the compressive resilience of the tissue during joint loading. The 
inhomogeneous and zonal distribution of type II collagen fibers within this tissue 
forms networks that inhibit the full hydration of glycosaminoglycans by acting as a 
restraint. This thereby restricts proteoglycan swelling, giving the tissue its ability to 
withstand compressive, shear and tensile forces. 
 
Damage, Disease and Current Therapies 
 As a result of the characteristic low cellularity and avascular nature of 
cartilage, age, damage and/or disease can result in irreversible loss of function of 
cartilage tissue in vivo. These factors can result in changes in the composition of its 
ECM that lead to changes in mechanical properties and functionality. Compositional 
changes include increased cell proliferation and cell death, increased matrix 
production and enzymatic activity, and the formation of osteophytes, all leading to 
proteoglycan degradation and collagen fibrillation (6-10).  These changes result in the 
loss of functional capabilities of the tissue that predispose cartilage to arthritis. 
Significant changes in structural, matrix components and mechanical properties of 
articular cartilage are also associated with ageing (7-9, 11-13). These changes include 
increased surface fibrillation, loss of glycosaminoglycans and decrease in cell function 
that can ultimately lead to the onset of osteoarthritis.  
 Osteoarthritis is a complex disease that affects the whole joint and occurs as a 
result of an imbalance between catabolic and anabolic pathways. This disease usually 
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occurs due to aging, genetics, or environmental factors, or a combination of these 
factors (14, 15). Being the most common form of arthritis, osteoarthritis is the leading 
cause of disability in the United States. According to the Centers for Disease Control 
and Prevention and related sources, 46 million adults (22%) reported physician-
diagnosed arthritis, bases on data from a 2003-2005 national health interview survey 
(16-18). The pathophysiology of this disease is characterized by the breakdown of 
cartilage that leads to the development of fibrillation and fissures, and the 
disappearance of the full thickness surface of the joint. This results in bone 
remodeling, overgrowth and cartilage degradation, and decrease in joint space (19). 
 Mechanical forces play an important role in the initiation or progression of 
damage and disease to cartilage. Joint immobilization via casts inhibits the long-term 
healing response of cartilage (20), and controlled experimental studies have studied 
the evolution of osteoarthritis after initiation by impact loading (21-23). As a result of 
cartilage’s limited ability for self repair, several types of interventions and 
replacement therapies have been explored. The current state of the art for the repair or 
replacement of this tissue involves the use of metal- or plastic- based implants for joint 
replacement. Unfortunately, as a result of their relatively short longevity in vivo 
(compared to the increasingly young age of patients), more biologically based 
therapeutic interventions are being researched. One such potential therapeutic 
intervention involves the use of tissue engineering techniques. 
 Biological interventions in the form of cell solutions for cartilage tissue repair, 
especially for defect repair, has been extensively studied and used clinically. When 
applied clinically, this method has widely been used in the form of autologous 
chondrocyte transplantation or implantation (ACT/ACI). ACT relies on implanted 
cells, harvested from the non-weight bearing region of a joint, to produce and replace 
damaged tissue (24-26). This procedure has been used with or without growth factors, 
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with the cells secured (in place) by a periosteal flap sutured over the defect. Since its 
evolution, this procedure has included the use of biomaterials as carriers and restraints 
of the implanted cells. The incorporation of biomaterials in this technique has only 
strengthened the capacity of research involved in tissue engineering for cartilage repair 
due to favorable outcomes observed clinically (27-29). 
 Tissue engineering, a field that combines the use of cells and biomaterials, and 
the application of suitable environmental factors (Fig. 1.1) (30), can provide a basis 
for the systematic control of in vitro studies on tissue growth and function. Most 
importantly, tissue engineering can serve as model for engineering replacement tissue. 
Although progress has been made in defining the relevant parameters of tissue 
engineering, much still needs to be explored about how variations in the 
aforementioned factors and their combination, affect the formation and maintenance of 
functional tissues and structures.  
 
Cartilage Tissue Engineering 
 Engineering cartilaginous tissue involves the use of cells (either chondrocytes 
or progenitor cells), natural or synthetic scaffolds (e.g. alginate, agarose and poly 
ethylene glycol) and environmental factors (ranging from the use of cytokines and 
growth factors to mechanical stimulation). Numerous studies have highlighted the 
success of combinations of these factors for the generation of cartilaginous tissues (31-
45). Using techniques related to tissue engineering, neocartilage, articular and fibrous 
cartilage-like tissues have been successfully engineered both in vitro and in vivo. 
Although these engineered tissues contain most of the components characteristic of 
native cartilaginous tissues, they occur in different quantities/concentrations with little 
to no architectural arrangement, which is key for the functionality of this tissue. The 
  6
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Copyright (2005) National Academy of Sciences, USA 
 
Figure 1.1: Factors used independently or in combination for tissue engineering 
applications. Figure reprinted from “Khademhosseini et. al. Microscale technologies 
for tissue engineering and biology. PNAS, 2006” and with permission from the 
National Academy of Sciences, USA. 
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resultant engineered tissues are normally of homogeneous cartilage-like tissues that 
lack the functional architecture indicative of articular cartilage. In an effort to increase 
the concentration of and/or improve the functionality of ECM molecules within 
engineered cartilage constructs, recent studies have focused on the use of mechanical 
stimulation devices/bioreactors. These devices have been used to replicate in vivo 
mechanical forces present during cartilage development and tissue maintenance, and 
have ranged from either custom designed or commercially available bioreactors (33, 
34, 37, 43, 45-50).    
 
Role of Mechanical Forces In vivo 
 The development of articular cartilage tissue is highly dependent on the 
sequence of events that occur prior to, during and after joint cavitation. Muscle 
contractions, which begin in ovo/in utero in the late embryonic stages, have been 
hypothesized to generate forces that impose a time-dependent, distributed pattern of 
stresses and strains throughout nearly all of the musculoskeletal tissues (51-57). These 
physical cues have been thought to guide the growth and differentiation of progenitor 
cells and their importance has been elucidated using in vitro cultures of cartilage 
rudiments (55) and in embryos immobilized using neuromuscular blocking agents (58, 
59). The use of neuromuscular blocking agents or the prevention of static or dynamic 
loading results in either partial or absent joint cavitation in growing embryos. Shear 
stresses and hydrostatic (dilatational) pressures are the types of physical stimuli that 
have been postulated to be responsible for the cavitation process and subsequently, 
joint development (60-63).  
 Mechanical loading also plays a major role in the maintenance of cartilage 
tissue (21, 61, 64-66). In a study by Vanwanseele et. al., mean articular cartilage 
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thickness was found to be significantly less in the patella and medial tibia of spinal-
cord injured patients six months post-injury, when compared to healthy volunteers 
(67). Defined by cells’ ability to translate mechanical signals to biochemical ones(68-
70), mechanotransduction occurs via cell surface receptors (integrins) binding to 
ligands (6-10, 71-73). Ligands are regions present on extracellular matrix proteins to 
which cells can bind. Cell binding to ligands allows cells respond to mechanical loads 
imposed on their surrounding extracellular matrix (ECM). 
Use of Mechanical Loading Devices In vitro 
 With compression, shear, and hydrostatic forces all present in the native 
loading environment, the mechanical loading devices (mentioned above) have been 
designed to recapitulate these forces individually or in combination, and to enhance 
mass transfer within engineered constructs. Although bioreactors applying all these 
mechanical forces are being studied, the use of direct scaffold compression bioreactors 
is the most prevalent. Perfusion (74), hydrostatic (47, 75) and rotating wall bioreactors 
(76) have been used to a lesser extent, and have been generally beneficial as evident 
by increased extracellular matrix production. The benefits of loading bioreactors have 
also been highly variable both among studies using similar systems and across 
systems. The variations in response found in studies utilizing mechanical loading 
bioreactors stems from differences in the loading parameters, scaffolds and cells used. 
 The paradigm followed by a majority of the studies on mechanical stimulation 
of chondrocytes to date simply seek to relate mechanical environments (i.e. applied 
strains, frequencies and duty cycles) to cell activity and tissue development (Fig. 1.2). 
Although these studies have attempted to determine the loading conditions that are 
most advantageous for cartilage tissue growth, less is known about the physical stimuli 
the cells experience as a result of a particular loading protocol imposed on scaffolds  
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that may be correlated to cell anabolic or catabolic activities. Unfortunately, the 
efficacy of bioreactors cannot be assessed solely based on the type of stimuli they 
provide due to numerous differences in all these study parameters. And in actuality, 
the physical stimuli sensed by cells will not only depend on the mechanical loading 
conditions and parameters, but also on the material properties of the scaffolds and 
resultant stresses, strains and fluid velocity profiles they generate upon loading. 
 
Other Components for Engineering Cartilage Tissue 
Cells 
 Although the efficacy of acellular constructs has been examined for cartilage 
tissue regeneration (77, 78) their use in studies has generally been to served as controls 
in experiments using cells. Their success post-implantation for cartilage replacement is 
unfortunately limited due to poor ability of acellular constructs to integrate and adhere 
with surrounding tissues. Due to this limitation, most studies utilize cells in the 
generation of replacement tissues with the idea that the encapsulated cells will 
synthesize and remodel the surrounding matrix to enhance integration. To this end, 
chondrocytes are the most widely used cell type, with the use of progenitor cells, 
particularly mesenchymal stem cells, becoming more prevalent in the past couple of 
years. Chondrocytes are cells derived from the mesenchymal lineage; therefore, the 
use of mesenchymal stem cells for cartilage tissue engineering purposes is not 
surprising.  
 As previously mentioned, cartilage has low cellularity, therefore acquiring a 
functional volume of cells to make a construct can be challenging. To circumvent this 
limitation, different approaches have been taken to increase cell numbers. One 
approach involves the use of cells harvested from neonatal/young tissues that are still 
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highly cellular and thicker than adult tissues (46, 47, 79, 80). Cells of this tissue age 
are the most commonly used in cartilage tissue engineering studies. Another approach 
relies on passaging of chondrocytes to achieve functional numbers for the construction 
of engineered constructs (80-82). Although both approaches have the benefit of 
providing large numbers of cells, they also come with associated disadvantages. As 
previously mentioned, one of the consequences of ageing cartilage is a reduction in 
cell function and ability to function normally. Unfortunately, cells from older tissue 
are more readily available than neonatal/younger cells. Hence the translation of tissue 
engineered constructs for clinical use will require more studies and analysis on the use 
of aged tissues/cells and not their younger counterparts. The disadvantage of using 
passaged chondrocytes to acquire functional volumes of chondrocytes has been 
elucidated (80) and includes to their loss in phenotype due to de-differentiation when 
cultured in monolayer for passaging. These de-differentiated cells are more 
fibroblastic in nature and as a result produce high amounts of type I collagen that is 
only present in healthy articular cartilage at extremely low concentrations (80, 82). 
 The limitations in the availability of chondrocytes make the use of 
mesenchymal stem cells very attractive, and indeed this idea has generated a great deal 
of excitement and promise.  Stem cells are defined as undifferentiated cells capable of 
self renewal, with the ability to be differentiated into more than one specialized cell 
type (83). Specifically, mesenchymal stem cells are pluripotent cells that have the 
capacity to differentiate into chondrocytes, osteocytes or myoblasts, depending on the 
culture conditions and growth factors used (84-88). They are usually isolated from 
bone marrow, but can also be obtained from periosteum (89), muscle (90), adipose 
tissues (91), and synovial fluid (92), amongst other tissues. Their added attractiveness 
stems from their ability to be amplified via passaging, without loss in phenotype or 
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multipotentiality (86, 93). Unfortunately, they constitute only 0.001-0.01% of the total 
population of nucleated cells in the marrow (86).  
 To date, mesenchymal stem cell isolation has depended on either their 
phenotypic expression or lack of expression of cell surface markers (e.g. CD45, CD71, 
CD90 and CD102). Stem cell isolation via adherence to tissue culture plastic was one 
of the first methods of isolation discovered when the presence of fibroblastic colony 
forming cells was observed in in vitro cultures (94). This process has become the 
standard method for the isolation of mesenchymal stem cells from bone marrow tissue 
volumes. Unfortunately, this technique produces a heterogeneous population of cells 
that are thought to consist mainly of progenitor cells in different stages of 
differentiation, but fortunately, no terminally differentiated cells. The use of the 
adherent cell populations of bone marrow for cartilage tissue engineering has been 
sufficient in producing cartilage-like constructs (95), although no study on the ability 
of the different progenitor populations to form cartilage tissue has been done.  
 A more robust method of acquiring more homogeneous populations of stem 
cells is selection via the presence or absence of cell surface makers. These markers 
include SH2, SH3, CD14, CD29, CD34, CD44, CD45, CD71, CD90, CD106 and 
many more (83, 86). To date, no cell surface marker has been found to be solely 
indicative of a bone marrow derived mesenchymal stem cell; therefore studies have 
depended on (the absence or presence) of particular markers to determine cell 
stemness using flow cytometry. 
 
Scaffolds 
 Biomaterials used for cartilage tissue engineering provides the three 
dimensional support necessary for seeded cells to maintain their differentiated 
function, proliferate and/or produce matrix proteins. The numerous scaffold types that 
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are being used have consisted of either natural, synthetic or hybrid materials, 
fabricated using a wide range of processes. Natural materials that have been used 
include agarose (33, 43, 46), alginate (47, 79, 96), hyaluronic acid (97, 98), gelatin 
(31, 99), fibrin glue (99, 100) and collagen derivatives (100, 101). Synthetic varieties 
include polyhydroxyacid based scaffold such as poly(l-lactic acid), poly(glycolic 
acid), poly(lactide-ε-caprolactone) and poly(ethylene glycol) based scaffolds (36, 37, 
49, 102-105). Several varieties of hybrid biomaterials using both natural and synthetic 
polymers have also been successfully used as cartilage tissue engineering scaffolds 
(103, 106).  
 Several characteristics determine the success of a biomaterial as a scaffold, 
especially for the replacement of a weight bearing tissue like cartilage. These features 
include scaffold biocompatibility, mechanical properties, porosity, ease of fabrication, 
and degradation properties and by products. For the successful production of 
functional constructs, scaffold chemistry, which can differ from scaffold to scaffold, is 
also of concern (107). The fabrication of these materials includes techniques like 
hydrogel formation (33, 79, 108, 109), solvent casting/salt leaching (110), 
electrospinning (102, 111), non woven meshes (97), 3D fiber deposition (112) and gas 
foaming (113). The resulting scaffolds acquire different forms and architecture such as 
hydrogels, sponges and fiber meshes. 
 
Other Factors 
 Lastly, combined with the use of cells and/or scaffolds, other environmental 
factors can enhance the formation of engineered cartilage. These factors fall under one 
of three categories, namely biochemical, architectural, and mechanical/physical 
factors, the last of which has been discussed above. Biochemical factors are generally 
in the form of growth factors or cytokines, and have included the sole or combined use 
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of the transforming growth factor beta superfamily, insulin-like growth factor, basic 
fibroblast growth factor, and bone morphogenic proteins (114-117). Their use has 
been in an effort to mimic the biochemical environments present during either the 
development or repair of cartilage, with the hopes of increasing cell proliferation and 
up-regulating matrix production. In a review by Darling and Athanasiou (35), the use 
of transforming growth factor superfamily was reported to range from no effect on cell 
activity to a 250% increase in either glycosaminoglycan production or 35S-sulfate 
incorporation by chondrocytes encapsulated either within a scaffold or in cartilage 
explants. This variation was also found for collagen production, although the range 
was narrower and on average yielded a 50% increase in production. 
 
Assessing the Efficacy of Cartilage Tissue Engineering Parameters 
 To assess matrix production, the most widely used assessment tools are 
biochemical assays of DNA, glycosaminoglycan and collagen (37, 43, 96). Gene 
expression analysis of matrix component levels and radioactive isotope incorporation 
by cells (e.g. [35S]sulfate, [3H]leucine and [3H]proline) to assess rate of matrix 
biosynthesis are both also widely used (47, 95, 106, 118, 119). Although gene 
expression analysis does not give insight into the functionality of the constructs 
produced, the method serves as an excellent first order determinant of cell activity.  
Matrix localization within the constructs is also routinely analyzed via histological and 
immunohistochemical techniques. Although the collective use of these techniques has 
shown that cells seeded within a scaffold are capable of making matrix components 
found in native tissues, analysis of retention or architecture of the matrix synthesized 
is still uncommon. For a tissue such as cartilage, where structure-function 
relationships are very important, few studies include the assessment of the ability of 
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cells within the scaffold to not only retain the matrix molecules being made, but also 
to form a structural ECM that would result in a functional tissue. These assessments 
can be done with all the current techniques mentioned above. 
 
Research Objectives 
In light of the limitations discussed above and to elucidate the effects the discussed 
variations in cell type, scaffold properties and mechanical factors have on engineering 
functional cartilage, this dissertation sought to explore variations in cell, scaffold and 
environmental factors affect in vitro cartilage formation. The work presented in this 
dissertation also highlights the lack of standards in the field that may have hindered 
faster advancement in knowledge of the roles these conditions/parameters play in the 
generation of functional tissue. The hypothesis of this dissertation is that mechanical 
stimulation differentially regulates glycosaminoglycan production and assembly by 
chondrocytes when compared specifically to mesenchymal stem cells. We also 
hypothesize that this difference is modulated by scaffold composition. To address 
these hypotheses, the first aim focused on establishing the baseline effects of cell type, 
density, and species on engineered constructs. The second aim developed finite 
element (FE) models of scaffolds subjected to dynamic compression to quantify the 
physical stimuli present within scaffolds commonly used in cartilage tissue 
engineering. To study the response of cells to particular levels of physical stimuli, the 
third aim investigated the effects of scaffold composition on glycosaminoglycan 
production and assembly by chondrocytes when dynamically stimulated. Lastly, the 
fourth aim assessed the differential response of mesenchymal stem cells to scaffold 
composition and mechanical loading. 
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Specific Aims 
Specific Aim I (Chapter 2): 
This aim established baseline effects of cell species, type and density on engineered 
cartilage constructs. Glycosaminoglycan production and assembly, and construct 
mechanical properties were used as a metric to quantify the differential response to the 
aforementioned factors.  
 
Motivation 
 Additional limitations, beyond those already highlighted, exist that hinder the 
advancement of cartilage tissue engineering as a viable clinical option. One such 
added complexity is the characteristics of cells used in the field. For example, 
assessing benefits of certain conditions between different studies has been difficult due 
to the use of different cell species. Variations in cell species affect the functionality of 
engineered tissue and as such create difficulties when trying to determine the efficacy 
of cells, scaffolds or environmental factors in such constructs. Another level of 
difficulty arises with the use of different cells densities when engineering cartilage 
tissues.  Using cell densities similar to native tissue is unrealistic due to the low 
cellularity of the tissue and the need to generate large volumes of matrix proteins. 
Therefore, various densities of cells have been used in studies for cartilage tissue 
engineering and have ranged from 0.5 to 60 million cells per milliliter. This range in 
cell densities used has added another level of complexity when trying to compare 
outcomes between studies.  
 Furthermore, once again due to the low cellularity of the native tissue, 
chondrocytes have limited cell-cell interaction due to their sparse population within 
such a dense tissue. When seeded in scaffold constructs at high densities, cell-cell 
interaction occurs which provides added stimuli to the cell that are not present their in 
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native environment. This increased level of cell-cell interaction has been shown to be 
beneficial for the formation of cartilage-like tissues, although substantial increase in 
the functionality (modulus) of the tissue is not seen (42, 101, 116, 120). This finding 
suggests that the density of cells needed to create a functional construct has a limit. 
Unfortunately, the ideal initial seeding density, the cell species most applicable to 
study human cartilage engineering or the ability of MSCs to overcome the limitations 
in the use of chondrocytes all still remain elusive. 
 
Approach 
 Using bovine and equine chondrocytes and equine mesenchymal stem cells, 
cartilage tissue engineering constructs were made by encapsulating cells within 
alginate hydrogel scaffolds using standard techniques. The bovine and equine 
chondrocyte laden constructs were seeded at densities of 1-, 10-, 25 and 50 million 
cells per ml. Due to the limited number of mesenchymal stem cells available in bone 
marrow tissue, first passage MSCs were encapsulated at a density of 25 million cells 
per ml, and second passage at densities of 1-, 10 and 25 million cells per ml. The 
resulting constructs were then cultured for up to 6 weeks, with culture medium being 
changed and harvested every 3 days and gels harvested every 2 weeks. Biochemical 
analysis of glycosaminoglycan and mechanical analysis of aggregate modulus and 
permeability was used to assess progression of tissue formation. 
 This aim sought to highlight the role initial seeding density played in the 
formation of a functional matrix. It also sought to highlight differences in metabolic 
capacities of chondrocytes from two different species, as well as differences between 
mesenchymal stem cells and the terminally differentiation chondrocytes. 
Glycosaminoglycan was used as a metric of functionality, and aggregate moduli and 
permeability as metrics for construct integrity and functionality. Construct and media 
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GAG content were analyzed to attain total amounts made, amounts loss to the 
surrounding medium and amount retained within the constructs that may have 
contributed to construct integrity and functionality. Link protein localization within 
the constructs was assessed to elucidate mechanism of loss of proteoglycan for all the 
groups studied. 
  
Specific Aim II (Chapter 3): 
To develop a finite element model of dynamically loading scaffold for the parametric 
analysis and quantification of physical stimuli being imposed on cells seeded within 
them. 
 
Motivation 
 The successful creation of engineered cartilage is determined by a set of 
techniques that assess matrix production and construct functionality, which as would 
be expected, are determined by the cells, scaffolds and environmental factors used. 
Scaffold stiffness and permeability are the properties generally reported when 
assessing scaffold efficacy. And indeed, cells have been shown to respond to both 
these properties (103, 112), which are generally good indicators of a success. 
Unfortunately, with the recent increase in the use of mechanical loading devices, these 
properties play a more significant role in cell behavior. To begin to elucidate the effect 
of scaffold properties during the application of mechanical factors, finite element 
models are valuable to assess the physical environments created within the scaffolds 
during loading (121-123). These studies are looking to quantify specific levels of 
stimuli that are responsible for specific cell response. The studies have shown the 
presence of a gradient of stimuli within a scaffold, e.g. gradients of stimuli in the 
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radial direction when scaffolds are dynamically compressed. This results in gradients 
of matrix deposition by cells within the scaffold.  
 
Approach 
 To quantify the physical stimuli present within dynamically compressing cell 
seeded scaffolds, a finite element model was developed in COMSOL multiphysics. 
Using principles from solid mechanics and flow through porous media, the model 
quantifies gradients of pressure, velocity, stresses and strains within cyclically 
straining scaffolds. These gradients can then be correlated to the behavior of cells 
within such scaffolds. Correlating specific physical stimuli to cell behavior gives a 
better understanding of the effects of particular stimuli on functional tissue production 
and metabolism, rather than scaffold mechanical properties, levels of strain, duty cycle 
or one of the other numerous factors that are currently used to define cell response.  
 Parametric analyses of 360 different combinations of scaffold modulus and 
permeability were examined to represent over 16 different scaffold material types. The 
analysis sought to quantify the physical stimuli present within the scaffolds when 
subjected to dynamic compression, and subsequently, sought to explain the variations 
in results reported in the literature for reportedly similar conditions. 
 
Specific Aim III (Chapter 4): 
To relate proteoglycan assembly by chondrocytes to ranges in physical stimuli present 
within engineered constructs due to dynamic loading. 
 
 To begin mapping the physical stimuli responsible for specific cell response to 
scaffold loading, this aim focused on quantifying the metabolic activity of 
chondrocytes encapsulated within varying scaffold compositions when subjected 
  20
different loading conditions and models. Using alginate as a model scaffold, bovine 
chondrocytes were encapsulated at a density of 25 million cells per ml and cultured for 
up to 2 weeks. The constructs were cultured under free swell, static or dynamic 
loading. As with the first aim, the metric for cell metabolism was the production, 
retention within the constructs and release to the surrounding medium, of 
glycosaminoglycans. Histological and immunohistochemical analysis were used to 
assess GAG and collagen and link protein localization, respectively.  
   To assess the physical stimuli present within the scaffolds being loaded, finite 
element analyses using the model developed in aim 2 were performed on tissue 
engineered cartilage. The stimulatory and inhibitory effects of the applied static and 
dynamic loading was assessed by normalizing the matrix content and aggregate 
modulus of constructs cultured under these conditions, to those cultured under free 
swell. Matrix production was correlated to mechanical integrity (i.e. GAG to 
aggregate modulus) and the amount of GAG within the constructs was compared to 
the levels of physical stimuli present within them during loading. 
 
Specific Aim IV (Chapter 5): 
Quantifies the differential behavior of mesenchymal stem cells when subjected to the 
same ranges in physical stimuli present during dynamic loading of engineered 
constructs. 
 
 To assess the differential response of MSCs to scaffold composition and 
dynamic loading, the studies carried out in this aim quantified MSC response to 
loading and hence, physical stimuli. The MSC seeded constructs were subjected to the 
same loading regimen imposed on the chondrocytes seeded constructs detailed above. 
The metric for cell metabolism was, once again, the production and retention of 
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glycosaminoglycans within the constructs and release to the surrounding medium. 
Histological and immunohistochemical analysis were used for GAG and collagen and 
link protein localization, respectively.  
   The physical stimuli present within the scaffolds, as assessed by finite element 
analyses, were then correlated to glycosaminoglycan assembly. The stimulatory and 
inhibitory effects of the applied static and dynamic loading was also assessed by 
normalizing the matrix content and aggregate modulus of constructs cultured under 
these conditions, to those cultured under free swell. Glycosaminoglycan production 
was correlated to aggregate modulus and the amounts of GAG retained within the gels 
were compared to the levels of physical stimuli present during loading. 
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CHAPTER 2 
 
Effects of Seeding Density on Proteoglycan Assembly of Passaged 
Mesenchymal Stem Cells∗ 
Abstract 
Cartilage repair strategies have utilized a wide range of cell types at a similarly wide 
range of seeding densities, both of which may affect ECM assembly. In this study, we 
investigated the effects of cell type and seeding density on proteoglycan assembly and 
the associated mechanical properties of tissue engineered constructs. Bovine and 
equine articular chondrocytes (AC) and first (P1) and second passage (P2) equine 
mesenchymal stem cells (MSCs) were encapsulated into alginate disk gels at densities 
of 1-, 10-, 25-, & 50x106cells/ml for chondrocytes, and 25 x106cells/ml for P1-MSCs 
and 1-, 10-, & 25 x106cells/ml for P2-MSCs. Glycosaminoglycan content of the gels 
and surrounding media, as well as the resulting aggregate modulus of the disks was 
quantified at times up to 6 weeks. GAG accumulation was found to depend on cell 
type and density, and was observed to change with time. P1-MSCs produced the most 
total GAG (gel + media). Retention of GAG in gels was highest for bovine AC gels 
(which were used as a gold standard comparison), with equine MSCs retaining the 
least GAG. Although P1-MSCs were able to produce the largest amount of GAG, their 
ability to retain the produced GAG was very limited. This deficiency in retention by 
MSCs may be related to the lack of accumulation of link protein in MSC seeded gels. 
This is consistent with the lower amounts of GAG found in stem cell seeded gels by 
several studies, but also begins to elucidate metabolic patterns of MSCs. Future 
                                                 
∗  Babalola, O.M. and Bonassar, L.J. “Effects of Seeding Density on proteoglycan Assembly by 
Passaged Mesenchymal Stem Cells,” Accepted for publication in February , 2010 in Cellular and 
Molecular Bioengineering. 
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studies in cartilage engineering utilizing MSCs should explore ways of enhancing 
GAG retention.  
 
Introduction 
Tissue engineering approaches have been investigated extensively as 
treatments for articular cartilage and osteochondral tissue injuries including chondral 
defects, avascular necrosis, and trauma related injuries (33, 124-126). Chondrocytes, 
the cells intrinsic to cartilage, have been the most common source used in cartilage 
tissue engineering to date, with bovine chondrocytes being the most studied species. 
Other species that have been studied include porcine (127), equine (109), ovine (128), 
canine and human (81). This variety of species has made direct comparisons difficult 
when trying to assess functional tissue regeneration in different animal models.  
Due to the low density of these cells in cartilage tissue and the characteristic 
de-differentiation when expanded in monolayer (129-131), cells types other than 
primary chondrocytes have been investigated as a source for cartilage repair. 
Mesenchymal stem cells (MSCs), which have been shown to differentiate into cells of 
several lineages including chondrocytes, osteoblast and adipocytes (84, 86), show 
great promise as a potential cell type for the regeneration of articular cartilage tissue 
(84, 86, 132-134). Previous studies have shown a link between cell species (81), cell 
passage (80, 82) and seeding density (42) on chondrogenesis by chondrocytes. 
Unfortunately, less is known about the effects of these parameters on 
chondrogenically differentiated MSCs. Phenotypic similarities between 
chondrogenically differentiated MSCs and chondrocytes have not been fully 
characterized, especially with regards to extracellular matrix production and assembly. 
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 Based on these observations, we developed the following hypotheses: 1) 
glycosaminoglycan (GAG) assembly differs between chondrogenically differentiated 
MSCs and chondrocytes; 2) that the difference in GAG assembly is a function of 
passage number and cell density; 3) these differences in ECM assembly will regulate 
the material properties (i.e. aggregate modulus) of cell laden constructs. To test these 
hypotheses, the objectives of this study were to quantify GAG production and 
retention by equine articular chondrocytes and chondrogenically differentiated MSCs 
and the resultant construct material properties. To put this study in the perspective of 
the gold standard of cells used by the field, a study on GAG assembly by bovine 
articular chondrocytes was conducted in parallel to these experiments. 
 
Materials and methods (Fig. 2.1) 
All materials were purchased from MediaTech Inc. unless otherwise noted. 
Experimental Setup 
Chondrocyte harvest and isolation  
Equine and bovine articular chondrocytes (AC) were harvested using previously 
described protocols (96, 135). Briefly, articular cartilage tissue was harvested from the 
patellofemoral, scapulohumeral, and fetlock joints of an 11 month and 2 and a half 
year old horse within one hour of euthanasia.  The harvested tissues were chopped into 
smaller pieces and digested overnight at 37°C and 5% CO2 in Dulbecco’s modified 
Eagle medium (DMEM) containing 0.3% collagenase (Worthington Biochemicals, 
Lakewood, NJ) and 100 U/mL penicillin G sodium, 100 µg/mL streptomycin sulfate, 
25 µg/mL amphoterocin B. The digest solution was filtered with a 100 µm cell strainer 
and articular chondrocytes were isolated from the strained digest solution by 
centrifugation at 338 x g for 7 min. Cells were washed twice with Dulbecco’s  
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Figure 2.1: Schematic of experimental groups studied (AC = articular chondrocytes, 
P0 = primary articular chondrocytes, P1 = first passage MSCs and P2 = second 
passage MSCs). The studies were compared to a study on bovine ACs, the gold 
standard of cells used in cartilage tissue engineering. 
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phosphate-buffered saline (PBS) and viability was determined using trypan blue. Only 
cell solutions with viabilities of 85% or higher were used for these studies. Primary 
chondrocytes were seeded at densities of 1-, 10-, 25-, and 50 x 106 cells/ml in 6mm 
alginate disks as described below. 
 To establish a frame of reference for the many studies on cartilage tissue 
engineering that use bovine articular chondrocytes (33, 48, 125, 136), parallel cultures 
were performed using cells obtained from the patellofemoral grooves and femoral 
condyles of two joints from 1-3 day-old calves using the same techniques described 
above. 
 
MSC harvest and isolation 
Equine sternal MSCs were harvested and passaged using established protocols (79, 
88). Bone marrow aspirates were obtained aseptically from the sternum of 11 month 
old to 2 year old horses within two hours of euthanasia. Aspirates were collected in 60 
cc syringes containing 8 ml of 10,000 USP units of chilled heparin sodium solution 
(Baxter Healthcare corp., Deerfield, IL). Four to six 60cc syringes were obtained per 
animal. Under sterile conditions, 30 ml of aspirate was resuspended in 15 mls of PBS 
and centrifuged at 338 x g for 10 min to remove red blood cells. The cell pellet was 
resuspended in 30 ml of DMEM containing 4.5 g/L sodium pyruvate supplemented 
with 10% Fetalplex (Gemini Bioproducts, West Sacramento, CA), 100 µg/ml 
penicillin G sodium, 100 U/ml streptomycin sulfate, 25 µg/mL amphoterocin B, 4.5 
g/L L-glutamine, 25 mM HEPES buffer (Sigma Aldrich, St. Louis, MO.) and 1 ng/ml 
basic fibroblast growth factor (PeproTech, Rocky Hill, NJ),) and plated in 175 cm2 
flasks at 5% CO2, 95% humidity, and 37°C. Twenty-four hours after incubation, half 
the volume in each flask was transferred to a new flask and the media level was 
supplemented up to 30 ml/flask. The medium was changed twice a week until 80% 
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confluency was achieved to attain first passage cells (P1). Second passage cells (P2) 
were obtained by trypsinizing flasks containing 80% confluent P1 cells, replating the 
cells at a concentration of 10,000 cells/cm2 in T-175cm2 flasks and treated as above 
until they formed 80% confluent monolayer. Each flask yielded 6-8 million cells and 
the resulting monolayer cultures appeared homogeneous and morphologically 
resembled cells commonly described as MSCs (86). Some cell heterogeneity may 
have persisted, despite phenotypic similarities. Trypsinized cells (P1 and P2) were 
encapsulated in 6 mm alginate gel disks by injection molding as described below. 
 
Gel formation  
Two percent by weight (i.e. 20 mg/ml), steri-filtered, Pronova™ UPLVG (ultrapure, 
low viscosity, 67% guluronic acid, MW 160 kDa) alginate (FMC Biopolymers, 
Drammen, Norway) was crosslinked with sterilized 2 wt % calcium sulfate (Sigma 
Aldrich, St. Louis, MO.) using established injection molding techniques (79). Briefly, 
cell pellets were resuspended in sterile 20 mg/ml alginate in PBS and crosslinked with 
2 mg/ml CaSO4 in PBS at a 2:1 ratio. The crosslinked solution was molded into a 1 
mm thick sheet, from which 6 mm diameter disks were acquired using a dermal biopsy 
punch. Isolated primary equine and bovine chondrocytes were seeded at densities of 1-
, 10-, 25-, and 50 x 106 cells/ml in the alginate disks. P1-MSCs were seeded at a 
density of 25x106 cells/ml and P2-MSCs at densities of 1-, 10-, and 25 x 106 cells/ml. 
 
Gel disk culture 
Chondrocyte and MSC cells encapsulated in alginate gels disks were cultured in an 
incubator for 0, 2, 4, or 6 weeks at 5% CO2, 95% humidity, and 37°C. Chondrocyte 
laden disks were cultured in DMEM containing 10% fetal bovine serum, 100 µg/ml 
penicillin, 100 U/ml streptomycin, and 50 µg/ml ascorbic acid. MSC seeded disks 
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were cultured in DMEM containing 4.5 g/L sodium pyruvate, 10% fetalplex, 100 
µg/ml penicillin G sodium, 100 U/ml streptomycin sulfate, 25 µg/mL amphoterocin B, 
4.5 g/L L-glutamine and 25 mM HEPES buffer and supplemented with 5 ng/ml 
transforming growth factor-beta (TGF-β1 − PeproTech, Rocky Hill, NJ). This media 
has been previously shown to be chondrogenic for equine MSCs as indicated by type 
II collagen and aggrecan expression (88) as well as significant matrix assembly in 3D 
culture (96). Disks harvested at the 0, 2, 4 and 6 week time points and used media 
samples (from media changes every three days) were stored at -80°C for further 
analysis.  
Chondrogenesis analysis 
Biochemical Analysis 
A 1, 9-dimethylmethylene blue dye (Sigma) based assay (137) was used to quantify 
sulfated GAG content on papain digested disks and collected media samples. Gel 
samples were weighed upon removal from culture, lyophilized, and weighed again, 
before digestion in 1 ml of 0.125 mg/ml papain in phosphate buffer with EDTA at 
60°C for 18hrs. Papain digests and frozen media samples were treated with 1 µl of a 
10 unit alginate lyase (Sigma Aldrich, St. Louis, MO) solution in PBS, to further 
reduce the effect of cross reaction of DMB with macromolecular alginate. Both the 
collected media and disks were assayed for GAG content with serial dilutions of 
chondroitin-6-sulfate (Sigma) from shark cartilage in papain digest buffer (for gel 
samples) or medium (for collected media samples) used as standards, with DMB-GAG 
binding observed at 525 nm. DNA was quantified using a Hoechst 33258 dye based 
assay following standard protocol (138). Briefly, papain digested samples were 
reacted with Hoechst 33258 dye excited, at 358 nm and emission observed at 458 nm. 
Calf thymus DNA at serial dilutions were used as standards.  
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Mechanical Analysis 
Confined compression tests were used to assess the mechanical integrity of the 
gels at the different time points according to established protocols (79, 96) (n=5-10 
samples per condition). A uniaxial testing system (EnduraTec, Bose, IN) was used to 
determine the aggregate modulus. Harvested and frozen samples were thawed in 0.5 
ml of an EDTA-free protease inhibitor cocktail (Sigma Aldrich, St. Louis, MO) in 
PBS solution in a 37°C water bath. Thawed samples were then placed in a confined 
compression chamber and loaded with a porous platen to 40% strain in sequential 50 
µm increments, with relaxation loads recorded with each strain step. Constructs were 
allowed to relax to equilibrium (approx. 7mins) before the next strain step was 
imposed. The stress relaxation data was fit to a poroelastic model of material behavior 
that yielded the aggregate modulus (HA) of the constructs (139, 140). 
 
Histological Analysis 
Samples reserved for histology (n = 5-6 samples per group) were fixed in 10% 
formalin supplemented with 1% calcium sulfate to help maintain gel integrity. 
Samples were then dehydrated in increasing concentrations of ethanol to 100% ethanol 
and cleared in 3 changes of Xylene, before being embedded in paraffin, sectioned 
(5µm thick slices), and mounted onto slides. Sections were stained with Safranin O 
(0.1% in DI water) for glycosaminoglycan deposition and localization, and 
Hematoxylin and eosin (H&E) for nuclei and general matrix distribution. Samples 
with the highest GAG retention from each group, as indicated by biochemical 
analysis, were immunohistochemically analyzed for link protein. Briefly, rehydrated 
sections were predigested with a 300U/ml hyaluronidase solution (Sigma Aldrich, St. 
Louis, MO) for 30mins at 37°C for epitope recovery. Sections were then rinsed in 
three changes of phosphate buffered solution at room temperature for 5mins each and 
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analysis of link protein was performed using a Diaminobenzidine histochemistry kit 
with streptavidin-horseradish peroxidase (Invitrogen Corp., Carlsbad, CA), in 
accordance with the manufacturer’s protocol. Mouse monoclonal antibodies to link 
protein (Hybridoma Bank, University of Iowa, Iowa City, IA) were used. Sections 
samples of bovine articular cartilage tissue were treated as above and used as positive 
controls. Slides were imaged using a Spot Jr Digital camera attached to an inverted 
Nikon TS 200 microscope (MicroVideo Instruments, Avon, MA), and 
photomicrographs were obtained of stained regions. Some H&E stained slides were 
also used to assess cell density. To do this, sample micrographs of five areas per slide 
were taken and assessed for cell density per area. Image J (NIH Bethesda, MD) was 
used to analyze the total number of cells per image after threshold and size exclusion 
analysis. Similarly, the number of cells with pericellular staining for link protein was 
analyzed with this process. 
 
Statistical analysis 
 Data in all graphs were recorded as means +/- standard deviation of 5 to 10 
samples/group. Statistical comparisons of µg GAG/mg ww, HA and cell density 
between all groups were performed on the data from all groups using two way analysis 
of variance (ANOVA) with mixed procedure analysis (p<0.001) in SAS 9.1 (Cary, 
NC). The mixed procedure analysis uses standard linear models that allow for both 
fixed and random effects. This approach was utilized due to the non-normal and 
unbalanced nature of our data set. Tukey’s HSD post hoc test was used for all pairwise 
comparisons (p<0.05). 
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Results 
Glycosaminoglycan assembly 
To calculate the average total GAG produced (media + gel) per disk, the 
average GAG content within disks at each time point was summed with the average 
cumulative GAG released to the surrounding medium by the disks by that time point. 
Total GAG production was found to vary with cell type, density and culture time (Fig. 
2.2), with all groups showing increase in production with time. At lower cell densities 
(1- & 10 x 106 cells/ml), equine AC seeded disks produced more GAG than either 
bovine ACs or MSCs. Disks seeded with P2 MSCs at the lower densities had similar 
average amounts of total GAG. In gels seeded at 25 x 106 cells/ml GAG production by 
MSCs depended on MSC passage number, with the highest production seen in P1-
MSCs gels at 6 weeks (~125 µg) and equine and bovine ACs having similar values of 
GAG by day 42. Bovine AC at 50 x 106 cells/ml showed the highest GAG production 
(~172 µg) and no difference was observed in P2 MSCs with increasing cell density. 
The GAG content in the gels varied with cell species, type, and density (p<0.05, 
mixed mode ANOVA, Fig. 2.3). Gels seeded with ACs had higher GAG content than 
those seeded with MSCs. Gels seeded with bovine ACs had higher GAG content than 
those seeded with equine ACs, particularly at higher seeding densities and longer 
culture times. Both bovine and equine  ACs seeded gels at 10 x 106 cells/ml showed a 
significant increase in GAG content after 2 weeks (p <0.05). In contrast to 
chondrocyte seeded gels, only equine P2-MSCs seeded gels at 1 x 106 cells/ml gels 
showed a significant increase  in GAG content (p<0.05) by the 6 week time points 
when compared to their 0 week value, with all other densities and P1-MSCs showing 
no significant increase in gel GAG content.  
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Comparison of GAG content in gels across cell types and species showed no 
difference amongst all groups at 6 weeks for the gels seeded at 1- or 10 x 106 cells/ml 
(p>0.32). Within the group of gels seeded at 25 x 106 cells/ml, bovine ACs were found 
to be significantly higher than both P1- and P2 MSC seeded gels (p = 0.018 and p < 
0.0001, respectively) and equine ACs, significantly higher than only P2-MSCs (p = 
0.0002) by 6 weeks. No difference was found either between P1- and P2-MSCs seeded 
gels (p = 0.12) or bovine and equine ACs seeded gels (p = 0.64) at 25 x 106 cells/ml at 
6 weeks. Bovine and equine AC seeded at 50 x 106 cells/ml both showed a significant 
increase in GAG content by 6 weeks when compared to 0 week, and were also 
significantly different from each other at throughout the culture period (all p < 0.05). 
Analysis of GAG loss to the surrounding medium showed bovine ACs at 50 x 
106 cells/ml released the largest amounts (140 µg) by day 42 (data not shown). For 
cells seeded at 1-, 10-, and 25 x 106 cells/ml, equine cells (ACs and MSCs) released 
more GAG to their surrounding medium than bovine cells, with the equine ACs 
releasing the most at lower densities and P1-25 MSCs releasing the most amongst all 
gels seeded at 25 x 106 cells/ml. Cumulative loss to media increased with time, with 
bovine ACs at 50 x 106 cells/ml displaying the highest rate of release, at 3.0 µg 
GAG/day, followed by P1-MSCs at 25 x 106 cells/ml releasing at a rate of 2.6 µg 
GAG/day. 
GAG retention (percent GAG in disk / total GAG) depended on both species 
and cell density, with equine MSCs (P1 and P2) retaining the least amount at lower  
cell densities (Fig. 2.4). In all groups studied, with the exception of bovine ACs 
seeded gels at 25 x 106 cells/ml, GAG retention either stayed the same (Bovine ACs at 
1- and 10 x 106 cells/ml) or decreased with time (all other groups). Retention ranged 
from as little as 4% in 1 x 106 cells/ml equine AC and P2-25 equine MSCs gels at 6  
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weeks, to as high as 55% in 25 x 106 cells/ml bovine chondrocyte gels at 2 weeks. No 
difference was found between equine ACs and passaged MSCs. 
Mechanical analysis 
 Confined compression analysis of samples harvested at 0, 2, 4, and 6 weeks 
showed large variations in aggregate modulus over time, especially with bovine 
chondrocyte seeded gels (Fig. 2.5). Although increasing trends in aggregate modulus 
with time in culture were seen for certain groups (e.g. bovine ACs at 25 x 106 cells/ml 
and P2-MSCs at 1- and 10 x 106 cells/ml) there was no significant difference in 
aggregate modulus with time for all cell species, type, passage and density studied. 
Comparisons of all groups at the 6 week time point showed a significant difference 
between bovine and equine AC gels seeded at 10 x 106 cells/ml (p = 0.011) and 25 x 
106 cells/ml (p = 0.013), and between equine AC and P1-MSCs (p = 0.03) and P2-
MSC (p = 0.024) gels seeded at 25 x 106 cells/ml.  
 
Histological analysis 
 Hematoxylin and eosin stains of the gels showed evenly seeded gels at 0wks 
for all groups studied, but a decrease in cellularity by 6 weeks (Fig. 2.6).  
Quantification of cell density revealed a significant decrease from 0 to 4 weeks for P2-
MSCs seeded at 10 x 106 cells/ml (p = 0.004), decrease between 0 and 2, 4 and 6 
weeks for P1-MSCs seeded at 25 x 106 cells/ml (p < 0.04) and a decrease between 0 
week and 2 and 4 weeks, as well as between 2 and 4 week samples for P2-MSCs 
seeded at 25 x 106 cells/ml (p < 0.05) (Fig. 2.7).  
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Figure 2.6: Grayscale sample images of histological samples stained with 
Hematoxylin and eosin at 6 weeks (images at 100x magnification). 
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 Immunohistochemical analysis demonstrated the presence of link protein in 
both equine and bovine chondrocyte seeded gels, but not MSC seeded gels (Fig. 2.8, 
micrographs). Link protein was localized to regions surrounding cells or clusters of 
cells, with immunostaining being intense in these areas. Quantitative analysis showed 
bovine and equine chondrocytes having significantly higher fraction of cells stained 
for link protein when compared to either P1 or P2-MSCs (p<0.05) (Fig. 2.8, plot). 
There was no difference in percent of cells stained between bovine and equine 
chondrocyte or between P1 and P2-MSC seeded gels (p>0.05). 
 
Discussion 
This study demonstrated that GAG assembly by chondrocytes depends on cell 
density and is different between chondrocytes and chondrogenically differentiated 
MSCs. GAG retention increased with seeding density and was higher in chondrocytes 
than chondrogenically stimulated MSCs. In contrast, chondrogenically differentiated 
first passage MSCs produced the largest amount that was mostly lost to the 
surrounding culture medium. GAG production and retention by equine chondrocytes 
and MSCs were lower than that of the bovine chondrocytes, the cell type most 
commonly used to study cartilage matrix assembly. 
Passage two MSCs gels seeded at 1x106/ml were the only group to show 
significant increase in GAG content, which may be a statistical aberration. The GAG 
content of these gels at 0wk was smaller than that of MSC samples seeded at either 10 
or 25x106/ml, although not statistically different (p=0.3733 and p=0.9568, 
respectively). This smaller amount in the 1x106/ml seeded gels at 0wk, when 
compared to the 6wk samples resulted in the significant difference in GAG content.  
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Figure 2.8: Sample images of gels analyzed for link protein localization (arrows) 
using IHC within gels at 6wks (images at 200x) and average percent (± st. dev.) of 
cells stained positive for link protein (n=10). * and # indicates significant difference 
between bovine or equine samples and both P1 and P2-MSC samples. 
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We can only postulate that the GAG content within any of the gels at 0wks correlates 
to cell density. 
The fraction of synthesized GAG retained by MSCs was strikingly low, 
dropping from <20% at 2 weeks to <10% at 6 weeks. This lack of retention may be 
attributed to either the absence of other ECM components (e.g. link protein or 
hyaluronan) necessary to build proteoglycan aggregates or a high level of activity of 
proteases (e.g. MMPs, ADAMTS) that degrade proteoglycans. Higher GAG retention 
during early culture times followed by less retention at later times also may 
collectively suggest that high protease activity could be the cause of the low retention 
rates observed in this study. The deficiency in MSCs to retain cartilage-specific matrix 
components was also noted previously in a study (96) in which MSCs produced more 
but retained less lubricin than articular cartilage.  
Collectively, these studies underscore the complexity of the process of ECM 
assembly in tissue engineered cartilage. For functional tissue assembly to occur, 
proteoglycans must be expressed, synthesized and secreted, then must stably 
aggregate. In this study, tracking the factors that relate only to proteoglycan 
production (e.g. aggrecan mRNA or 35S incorporation) would have lead to the false 
conclusion that proteoglycan assembly was similar between AC and MSC. 
Alternatively, tracking only GAG accumulation in gels might have lead to the 
incorrect conclusion that proteoglycan production by MSCs was dramatically lower 
than AC. As such, this study has highlighted a key deficit in the ability of MSCs to 
assemble and retain proteoglycan. 
This study showed a 2.5 – 7 fold increase in the average modulus of bovine 
chondrocyte seeded gels with time. Although statistically significant only at 6 weeks, 
these increases are consistent with the magnitude in changes observed in other studies. 
For examples, bovine chondrocyte seeded alginate gels have been reported to have an 
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aggregate modulus of either 30kPa (96), 1kPa (43) or 20kPa (141) by 6wks. This 
range in aggregate modulus is similar to the range found in our study (2-25kPa). 
Although no obvious signs of degradation were observed, this cannot be dismissed as 
a possibility that may affect GAG retention. If degradation affected retention more 
than expected, it would have affected all conditions similarly, and hence the 
conclusion of this study still remains the same.   
This study found that the effect of increasing cell density was more prominent 
in AC seeded gels, with an increase from 10- to 25 x 106 cells/ml yielding a 2 - 4 fold 
increase in gel GAG content. An increase from 25- to 50 x 106 cells/ml, on the other 
hand, had no effect, indicating that a plateau exists after which increasing cell density 
has no effect. The effects of  cell density on chondrocyte matrix assembly have been 
studied more extensively (120, 129, 142-145) than for chondrogenically differentiated 
stem cells. The lack of information on the effect of seeding density on stem cell 
cartilage tissue formation is especially prominent with respect to three dimensional 
cultures. Cell density has been shown to be a variable both in previous studies (120, 
143), with differences seen with both cell type and species, as well as this study. As 
expected, gels seeded at higher densities produce more GAG, however, GAG retention 
was similar for gels seeded at 25-, and 50 x 106cells/ml, showing no benefit in 
doubling the initial seeding density. Although the bovine cells used in this study were 
neonatal and the equine cells used where from older but still skeletally immature 
animals, Tran-Khanh et al have shown that little difference exists between the 
metabolic capacity of bovine AC across this age range (146). This is also supported by 
both the chondrogenically differentiated equine MSCs and chondrocytes producing 
higher amount of GAG (gel + media) than the bovine chondrocytes (gels seeded at 25 
x 106 cells/ml). However, the difference in the ability of MSCs and primary cells to 
retain synthesized proteoglycans may be age dependent. 
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This study reports important differences in how chondrocytes and 
differentiated passaged MSCs synthesize and assemble proteoglycan. First passage 
MSCs were found to be the most metabolically active cell type, producing the most 
amounts of GAG, but had one of the lowest retention rates. This is consistent with 
previous findings (80), where decreases in collagen type II and aggrecan gene 
expression were seen to occur as early as the first passage of the cells and with the 
decrease in production increasing with cell passage. These findings suggest that 
although earlier passage MSCs have the ability to produce a sufficient amount of 
GAG, they lack the ability to make a functional matrix. The deficiency of MSCs in 
proteoglycan assembly may be linked to their inability to make or retain link protein 
(Fig. 9). In addition, poor matrix assembly by MSCs may also be due to higher than 
normal enzymatic activity during matrix remodeling. 
 This study also demonstrated that the most biosynthetically active cells do not 
necessarily have the most functional matrix, as evident by the higher ranges of 
aggregate moduli within the bovine chondrocyte groups and the low ranges within the 
equine chondrocyte groups studied. Further studies will seek to further investigate the 
mechanism of GAG loss from the gels in order to determine whether loss to media is 
due to a lack of link protein production or aggregation due to lack of hyaluronan. In an 
effort to begin to address this lack of retention, a recent study by Nicodemus et al 
showed scaffolds functionalized with link protein successfully serving as anchors 
which increased retention of ECM molecules made by cells encapsulated within the 
scaffold (147). As such, this study and our data presented here points to optimizing 
proteoglycan retention as an important area of study for the advancement of MSC-
based cartilage tissue engineering. 
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CHAPTER 3 
 
Parametric Finite Element Analysis of Physical Stimuli Resulting 
from Mechanical Stimulation of Tissue Engineered Cartilage∗ 
 
Abstract 
Background: While mechanical stimulation of cells seeded within scaffolds is widely 
thought to be beneficial, the amount of benefit observed is highly variable between 
experimental systems. Although studies have investigated specific experimental 
loading protocols thought to be advantageous for cartilage growth, less is known about 
the physical stimuli (e.g. pressures, velocities, and local strains) cells experience 
during these experiments. This study used results of a literature survey, which looked 
for patterns in the efficacy of mechanical stimulation of chondrocyte seeded scaffolds, 
to inform the modeling of spatial patterns of physical stimuli present in mechanically 
stimulated constructs. 
Method of approach: The literature survey revealed a large variation in conditions 
used in mechanical loading studies, with a peak to peak strain of 10% (i.e. the 
maximum amount of deformation experienced by the scaffold) at 1Hz on agarose 
scaffolds being the most frequently studied parameters and scaffold. This loading 
frequency was then used as the basis for simulation in the finite element analyses. 2D 
axisymmetric FE models of 2mm x 4mm scaffolds with 360 modulus/permeability 
combinations were constructed using COMSOL multiphysics software. A time 
dependant coupled pore pressure/effective stress analysis was used to model 
                                                 
∗ Babalola, O.M. and Bonassar, L.J. “Parametric Finite Element Analysis of Physical Stimuli Resulting 
from Mechanical Stimulation of Tissue Engineered Cartilage,” J Biomech Eng, June 2009, vol. 131(6): 
061014 
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fluid/solid interactions in the scaffolds upon loading. Loading was simulated using an 
impermeable, frictionless loader on the top boundary with fluid and solid displacement 
confined to the radial axis. 
Results: As expected, all scaffold materials exhibited classic poroelastic behavior; 
having pressurized cores with low fluid flow and edges with high radial fluid 
velocities. Under the simulation parameters of this study, PEG scaffolds had the 
highest pressure and radial fluid velocity, but also the lowest shear stress and radial 
strain. Chitosan and KLD-12 simulated scaffold materials had the lowest radial strains 
and fluid velocities, with collagen scaffolds having the lowest pressures. Parametric 
analysis showed maximum peak pressures within the scaffold to be more dependent 
on scaffold modulus than on permeability, and velocities to depend on both scaffold 
properties similarly. The dependence of radial strain on permeability or modulus was 
more complex: maximum strains occurred at lower permeabilities and moduli, and the 
lowest strain at the stiffest, most permeable scaffold. Shear stresses within all 
scaffolds were negligible. 
Conclusions: These results give insight into the large variations in metabolic response 
seen in studies involving mechanical stimulation of cell-seeded constructs, where the 
same loading conditions produce very different results due to the differences in 
material properties. 
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Introduction 
The avascular nature of cartilage results in its limited ability to repair itself 
after injury. As a result, numerous approaches have been investigated as potential 
therapies, including tissue engineering strategies.  Due to the low density of 
chondrocytes and the characteristic de-differentiation of the cells when expanded in 
monolayer (130), other cell types are being investigated for cartilage repair. In 
particular, mesenchymal stem cells (MSCs), which have been shown to differentiate 
into cells of several lineages including chondrocytes, osteoblasts and adipocytes (86), 
have been investigated as a potential source for cartilage repair (132, 133). 
 In an effort to augment such regeneration, several studies point to the 
importance of mechanical forces on the development and maintenance of the 
musculoskeletal system (55, 57, 62, 148). Muscle contraction during skeletogenesis 
has been found to be necessary for proper joint cavitation (55, 57) and lack of 
continuous skeletal loading has been associated with bone resorption (148, 149) and 
cartilage degradation (21, 150, 151). Previous mechanobiology and tissue engineering 
studies focused primarily on relating operational variables (e.g. strain, frequency) to 
cell and tissue scale outcomes. As such, experimental studies on cartilage tissue 
engineering incorporate different modes of mechanical stimulation in an attempt to 
mimic the events observed in skeletal development during embryogenesis (54-56). In 
addition to the different loading parameters used in these mechanical stimulation 
studies (strains ranging from 1.4 to 40%, frequencies from 0.01 to 3 Hz and various 
combinations of duty cycles), a variety of scaffold materials have been used to deliver 
cells in vitro and in vivo. The combination of large numbers of loading conditions and 
scaffold materials resulted in large variations in the metabolic response of cells seeded 
within the scaffolds. Although these studies have attempted to determine the loading 
conditions that are most advantageous for cartilage tissue growth, less is known about 
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the physical environment (e.g. pressures, velocities, local strains) that cells experience 
as a result of particular loading regimens imposed on these scaffolds. These studies 
have generally related loading strains and frequencies to cell activity or tissue 
development (Fig. 3.1). In actuality, the mechanical environment sensed by seeded 
cells under loading will not only depend on the mechanical loading conditions, but 
also on the material properties of the scaffold. It is likely that the resultant pressures, 
fluid velocities, strains and shear stresses are important regulatory factors for 
controlling differentiation and extracellular matrix biosynthesis. In a study by Kim et 
al. (152), physical stimuli gradients (fluid velocity and streaming potential) due to 
dynamic compression of cartilage disks was correlated to proteoglycan synthesis. 
Proteoglycan synthesis increased with dynamic loading, but markedly so at the outer 
0.5mm region of their 1.5mm radius disks. The study also suggested that the 
stimulation of chondrocyte biosynthesis by dynamic compression is primarily related 
to changes in fluid flow and streaming potential, which would be more drastic at the 
outer radius of such geometries. The current work used dynamic loading variables in 
combination with scaffold material properties to predict the local mechanical 
environment that gives rise to cell and tissue scale responses.  
  To understand the effect of scaffold properties and loading conditions on a 
variety of cells undergoing mechanical stimulation, finite element models have been 
utilized as assessment tools to investigate the magnitudes of stresses, pressures and 
fluid velocities the cells may experience during loading (122, 123, 153, 154). 
We conducted a comprehensive literature review that revealed a large variation in 
loading parameters used in mechanical loading studies (Fig. 3.2), with a peak to peak 
strain of 10% and frequency of 1Hz being the most utilized and studied parameters. 
With agarose hydrogels found to be the most studied scaffold materials, sinusoidal 
peak strains reported in literature ranged from 1.4 to 40%, with frequencies ranging  
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Figure 3.1: Flow chart of experimental approaches used to study mechanical 
influences on cartilage or chondrocyte metabolism. 
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Figure 3.2: Results of the survey of the strain amplitudes and frequencies used for the 
cyclic axial compression of chondrocytes-seeded scaffolds displaying the wide range 
of strains and frequencies studied to date. 
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from 0.01 to 3Hz. Therefore, to analyze the stimuli within various dynamically loaded 
scaffolds, an estimate of the mechanical environment resulting from an applied 
uniaxial unconfined sinusoidal compressive strain with a 5% offset and 5% strain 
amplitude at frequency of 1 Hz was performed. 
Analysis of the efficacy of loading parameters on GAG synthesis showed large 
variations, even for a particular strain or frequency studied (Fig. 3.3). GAG synthesis 
was found to range from an 11 fold decrease to a 4 fold increase due to loading 
frequencies spanning across 4 orders of magnitude (Fig. 3.3a) and % peak to peak 
strain across an order of magnitude (Fig. 3.3b). Variable effects on GAG synthesis 
were also found in studies using scaffolds with similar materials properties (Fig. 3.4), 
e.g. studies using agarose hydrogels demonstrated GAG synthesis ranging from a 60% 
decrease to a 350% increase when compared to controls. 
 Given the large variation in cell response to mechanical loading, the objective 
of this study was to use the results of the survey reported above to inform a finite 
element (FE) modeling study examining the effects of physical stimuli present within 
cyclically compressed typical scaffold materials used in cartilage tissue engineering. 
This study sought to elucidate some of the factors that may play a role in cell response 
to loading by estimating the magnitudes of pressures, shear stresses and fluid 
velocities that may exist within scaffolds used for tissue regeneration.  
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Figure 3.3: Compilation of the data from surveyed studies demonstrating the effect of 
loading parameters (frequency (a) and % peak to peak strain (b)) on 
glycosaminoglycan (GAG) synthesis. 
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Figure 3.4: Compilation of data from surveyed studies showing the effect of scaffold 
properties (modulus and porosity) on glycosaminoglycan (GAG) synthesis. 
 
 
 
 
 
Figure 3.4: Compilation of the data from surveyed studies demonstrating the effect of 
loading parameters (scaffold modulus (a) and % porosity (b)) on glycosaminoglycan 
(GAG) synthesis. 
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Methods 
Finite element analysis of loading scaffolds (Fig. 3.5) 
A finite element models of scaffolds undergoing uniaxial unconfined compression 
were created using COMSOL multiphysics software (Burlington, MA). The models 
were of a two dimensional axisymmetric scaffolds and contained 320 quadrilateral 
elements each that were exponentially biased to the edges and yielded a total of 3063 
degrees of freedom. The scaffold materials were assumed to be homogenous and 
isotropic with strain dependent permeability. All scaffolds were assumed to be 98% 
porous with Poisson's ratio of 0.167 and average solid density of 1240 Kg/m3 (155-
158). The scaffolds were simulated to be fully hydrated with the fluid having an 
assumed viscosity of 0.001 Pa·s and density of 1000 Kg/m3.  
Finite element model formulation 
To model fluid/solid interactions in the loading scaffolds, a time dependent coupled 
pore pressure/effective stress analysis (121, 159) was implemented using the structural 
mechanics and chemical engineering modules of COMSOL multiphysics software 
package (COMSOL, Burlington, MA). Darcy’s law in the chemical engineering 
module (Eq. 1 and 2) and solid mechanics governing equations in the structural 
mechanics module (Eq. 3) were used. The governing equation for steady-state Darcy 
flow was set to depend on fluid density ρf, solid fraction θs, and fluid velocity ν; the 
latter which was dependent on the solid permeability κ, fluid viscosity η and pressure 
gradient ∇p. The equations are 
 
                                       ( ) F∇
t∂
∂
ffsf v ρρθρ =•+ ,                                                 (1) 
                                             ( )pv ∇-η
κ= ,                                                                  (2) 
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Figure 3.5: Schematic of the device geometry commonly used for mechanical 
stimulation studies and the resultant free body diagram of the dynamic compression of 
an axi-symmetric model of a scaffold used in such a device. Image below shows mesh 
density that are exponentially biased in the radial (r) direction. (NB: Images not drawn 
to scale). 
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Scaffold solid deformation depended on the normal σ & shear τ stresses and strains ε 
imposed on the models as a result of the cyclic load, with the governing equations 
given by 
0F-
 ∂
 ∂
 ∂
 ∂ =+++ rrrzr rzr
θσστσ ,            0F∂
 ∂
∂
 ∂ =+++ zrzzrz rzr
τστ , 
                  
r
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u=ε  ,         
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 ∂=ε ,          
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u
rz  ∂
 ∂
 ∂
 ∂ +=γ ,            (3) 
A source term, given as F in equations 1 and 3, was implemented to define the 
fluid/solid interaction, coupling plane strain deformation to Darcy flow, and was 
imposed as  
                                                -
tt
z
∂
  ∂
∂
 ∂ r εε + ,                                                           (4) 
Parametric Analysis 
The model was used to estimate the mechanical environment resulting from an applied 
uniaxial unconfined sinusoidal load with 5% strain amplitude superimposed on a 5% 
strain offset at frequency of 1 Hz. The boundary conditions (Fig. 3.5) allowed 
displacement to occur freely at the top (loaded) surface and along the radial direction, 
but fixed along the axial direction at the bottom surface. Loading was simulated using 
an impermeable, frictionless loader with fluid movement confined to the radial edge. 
Scaffolds with moduli ranging from 0.5 to 512 kPa and hydraulic permeabilities 
ranging from 5e-14 to 1.0e-10 m4/N.s were analyzed (Fig. 3.6). This range of modulus 
and permeability encompasses the reported material properties of several common 
scaffold materials used for chondrocyte three dimensional culture, and includes 
alginate (96), agarose (33, 136, 160-163), polyglycolic acid (PGA) (164), calcium 
phosphate (165), collagen (166), chitosan (167), fibrin (48), poly(ethylene glycol) (36) 
and KLD-12 self assembling peptide (37). The finite element simulations were run for 
300s, at which time steady state was achieved for all physical stimuli. Analysis was 
performed at the maxima and minima of each cycle (every t=0.25s) during the  
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dynamic deformational loading. The maximum steady state peak pressures, shear 
stresses, radial fluid velocities and radial strains at equilibrium were analyzed. 
Analysis of a cartilage plug with the above mentioned dimensions and loading 
conditions was conducted for comparison with the loaded scaffolds, with an assumed 
modulus of 700kPa, hydraulic permeability of 7.6e-15 m4/N.s, solid density of 7850 
kg/m3, poisson’s ratio of 0.125, and a porosity of 70% (159). 
 
Results 
Simulated dynamic compression of the models resulted in a rise in pressure 
within the samples, which, depending on the permeability of the materials, was 
allowed or prevented fluid from escaping from the pore network of the material. This 
resulted in the models displaying classic poroelastic behavior upon loading. Peak 
pressures in the simulated model of loading cartilage showed pressures as high as 
60kPa (Fig. 3.7a). By comparison, the models of PEG, alginate and collagen showed 
peak pressures of 13kPa, 1kPa and 0.025kPa, respectively (Fig. 3.7b – d). For the 360 
combinations of modulus and permeability studied, both maximum peak pressures and 
radial fluid velocities were found to span 3 orders of magnitude, with the lowest 
values found in materials such as chitosan and the highest values found in materials 
like PEG (Fig. 3.8a and 3.9b). Pressures were found to be more dependent on scaffold 
modulus than on permeability and radial fluid velocities were found to depend on both 
scaffold properties similarly. The highest peak pressure of 37kPa was found in 
scaffolds with materials properties similar to PEG (E = 512Pa, k = 6.4e-12m4/N.s), 
with the lowest value of 0.025kPa in scaffolds similar to collagen (E = 0.5kPa, k = 
7.68e-11m4/N.s). PEG-like scaffolds also had the highest radial fluid velocities  
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Figure 3.7: Surface plots of pressure (Pa) (color) and radial velocity (arrows) of 
dynamically loaded cartilage (a), polyethylene glycol (PEG) (b), alginate (c) and 
collagen models at steady state (t = 299.75s) and their assumed modulus (kPa) and 
permeability (m4/N.s). NB: Note scale changes for each image.  
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Figure 3.8: Maximum peak pressure and radial fluid velocity as a function of 
permeability and modulus, showing sample scaffolds with related material properties 
with labels for scaffolds superimposed over appropriate regions of material properties. 
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Figure 3.9: Plots of maximum shear stress and radial strain as a function of 
permeability and modulus, showing sample scaffolds with related material properties 
with labels for scaffold materials superimposed over appropriate regions of materials. 
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(maximum = 0.52µ/s), while materials such as chitosan (E = 0.5Pa, k = 0.5m4/N s) had 
the lowest value of 8.8e-05µ/s. 
Though analysis of shear stresses within all scaffolds showed negligible 
differences (Fig. 3.9a), radial strain analysis showed a complex dependence on 
permeability. In lower modulus and lower permeability scaffolds (e.g. alginate, 
agarose, chitosan) radial strains (Fig. 3.9b) peaked at 0.095 and decreased with 
increasing permeability and modulus, and dropped even further by the highest 
permeability and modulus combination studied (E = 512kPa, k = 1e-10m4/N.s) to a 
value of 0.023. 
 
Discussion 
 In this study, we first sought to survey the literature for the efficacy of 
mechanical stimulation for cartilage tissue engineering and regeneration.  The results 
of the survey revealed a wide range in response from seeded cells, with no clear 
pattern of efficacy discernable. Effects on glycosaminoglycan metabolism were found 
to span orders of magnitude, with a particular loading strain and frequency 
combination found to be stimulatory in some cases and inhibitory in others. In 
attempting to determine the benefits of mechanical stimulation on chondrogenesis, 
studies have generally not considered the extent to which the scaffold material affects 
the physical stimuli sensed by seeded cells. Clearly the properties and characteristics 
of the scaffold would be expected to play a major role in the stimuli imposed on cells. 
Scaffolds used in cartilage tissue engineering can have moduli spanning 3 orders of 
magnitude and permeabilites spanning 4 orders of magnitude (Fig. 3.6). Such 
scaffolds are subjected to similar loading conditions which, due to the large variation 
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in properties, lead to drastic differences in response from cells seeded within such 
scaffolds.  
Using our findings from the literature survey, we implemented a poroelastic 
model to analyze the physical stimuli present within mechanically loaded scaffolds 
typically used in cartilage tissue engineering. As expected, all scaffold materials 
exhibited classic poroelastic behavior, having pressurized cores with low fluid flow 
and edges with high radial fluid velocities (Fig. 3.8).  The scaffolds simulated ranged 
from stiff impermeable materials such as polyethylene glycol to compliant materials 
such as collagen. The results of the literature study revealed that a peak to peak strain 
of 10% at frequency of 1Hz was the most utilized mechanical loading condition for 
the unconfined cyclic compression of cell-laden constructs, and as such was selected 
for the modeling studies. The model for this frequency and strain condition, involving 
the wide range in scaffold material properties studied, reveals one of the potential 
causes for the large variations in metabolic responses observed in studies involving the 
mechanical stimulation of cells seeded within scaffolds. The same loading condition 
was found to generate different pressures, strains and fluid velocities profiles within 
all materials modeled indicating that cells are subjected to different gradients of 
physical stimuli which are dependent on the scaffold used.  
The maximum peak pressures found within the scaffold simulations were 
strikingly lower than simulated loading articular cartilage. In the extreme case for a 
material like collagen gel, the difference in peak pressures and velocities was as high 
as 2000 fold. For the parameters simulated in this study, PEG scaffolds had the highest 
pressure and radial fluid velocity, but also the lowest shear stress and radial strain. 
This may be due to the method of fabrication of PEG scaffolds which can be tuned 
across a wide range of moduli and permeabilities. Chitosan and KLD-12 simulated 
  64
scaffold materials had the lowest radial strains and fluid velocities, with collagen 
scaffolds having the lowest pressures.  
 A number of finite element models of scaffold materials have been conducted 
to analyze the physical stimuli imparted on cells within specific scaffolds (40, 122, 
123, 168). In the study by Lima et al (122), finite element models were used to predict 
the spatial and temporal stress, strain, and fluid flow fields within agarose gels 
subjected to dynamic deformational loading. They found flux flow to be directed 
radially towards the circumferential boundary of their disk gels and was greatest at the 
edges of the gel construct. Silva et al (123) sought to characterize the spatial variation 
in solid stress/pore pressure and fluid velocity within loaded scaffolds for 
intervertebral disc (IVD) tissue engineering. They found spatial variations in strain, 
solid stress/pore pressure and fluid velocity within their composite polyvinyl alcohol 
IVD gels upon loading, which were comparable to the profiles that would be observed 
in loading biological IVD tissues. Although the analysis generated in the 
aforementioned studies generally agree with the present work, as well as those done 
on the unconfined compression of cartilage (159), this study is the first to expand the 
analysis to 360 modulus/permeability combinations which include up to 10 different 
scaffold materials in over 30 different studies reviewed. It begins to map out the large 
variations possible within dynamically loaded cartilage tissue engineering scaffolds 
and highlights the drastic differences in physical stimuli within these materials even 
under similar loading conditions. 
 These results may give insight into the large variations in metabolic response 
seen in studies involving mechanical stimulation of cell-seeded constructs, where the 
same loading conditions produce very different results due to the differences in 
material properties. The findings of this study do not attempt to highlight the benefits 
of one scaffold versus another, but instead highlights reasons for the large variations in 
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responses seen in the field. Our results of the literature survey on cell response to 
scaffold and loading parameters shows that though a frequency of 1Hz at a percent 
peak to peak strain of 10% is the most studied a higher frequency (e.g. 3Hz) at a 
slightly higher percent peak to peak strain of 15% yields more consistently positive 
results.  
 This study also shows that the pressures seen within loading cartilage plugs 
(similar to conditions that may be observed in vivo) are still much higher than those 
being produced in scaffolds. This approach will give insight into scaffold design and 
the selection of loading regimens for stimulation of tissue engineered cartilage. From 
our parametric analysis, though maximum levels of stimuli were found in 
poly(ethylene) glycol type scaffolds, combing this analysis with the results of the 
literature survey point to the use of highly porous (>97% porosity) scaffolds with 
compressive moduli within the 10 – 15kPa. A scaffold with this porosity and modulus 
combination will impose pressure of about 1-10kPa, velocities of 0.001 – 0.1µ/s and 
strains of about 0.1 on cells seeded within them. 
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CHAPTER 4 
 
Effect of Scaffold Composition on the Response of Chondrocytes to 
Dynamic Compression 
Abstract 
Mechanical loading has been used to enhance the functionality of engineered tissues, 
but with large variations in efficacy evident in different scaffold materials. We have 
previously shown that this metabolic response spans orders of magnitude in different 
scaffold materials when loaded under the same mechanical conditions. To eliminate 
variation in response due to material chemistry, we studied the effects of scaffold 
composition on the response to mechanical loading using a single material. Articular 
chondrocytes were encapsulated in 1, 2 or 3 wt% alginate hydrogels at 25 x 
106cells/ml. These constructs were either left under free swell conditions, or statically 
or dynamically loaded in a custom designed bioreactor. Constructs under static 
loading received a 2.5% static strain for 2 hrs (1hr on, 1hr off, 1hr on) every other day. 
Those being dynamically loaded received a 2.5% static off set strain and a 2.5% 
dynamic sinusoidal strain, with similar duty cycles as the static condition. Finite 
element analysis of the physical stimuli within the dynamically loading scaffolds 
predicted pressures ranging from 194 to 442 kPa and radial fluid velocities from 3.5 to 
7.1 µ/s. The constructs and surrounding media were harvested at times up to 2 weeks 
and were assessed biochemically and histologically for DNA and glycosaminoglycan 
(GAG) content. Subsets of samples were mechanically tested for aggregate modulus 
and permeability. GAG production increased with time for all scaffold compositions. 
Although cells seeded in 1wt% gels produced the most, they retained the least 
amounts of GAG within their constructs by 2 weeks. Two and three weight percent 
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alginate constructs had similar GAG accumulation, but the small amount produced by 
3wt% gels had a more drastic effect on the mechanical integrity of the resulting 
scaffold. The data presented here shows a clear dependence of chondrocyte 
metabolism on scaffold composition and begins to address one of the reasons for the 
differences in cells response seen between studies utilizing mechanical loading 
devices. 
 
Introduction 
 The use of dynamic mechanical stimulation to improve the functionality of 
tissue engineered cartilage has been of great interest recently (31, 33, 34, 36, 37, 48, 
169, 170). Several scaffold materials have been used within such systems, although 
the magnitude of enhancement has been found to be highly variable between the 
systems (171). For example, in the study by Lima et al. (161) , chondrocytes seeded in 
2wt% agarose gels produced similar amounts of glycosaminoglycan when 
dynamically loaded compared to free swell cultured gels, while the study by Waldman 
et al. (170) reported almost twice the increase in GAG produced by chondrocytes 
seeded in porous calcium polyphosphate substrate after 4 weeks dynamic loading 
compared to their free swell constructs. 
 A recent study published on the finite element (FE) analyses of dynamically 
loading scaffolds (171) suggests that this variation in response may be due to similar 
loading conditions producing varied effects when imposed on different scaffold 
materials. Using the FE models to analyze the stimuli present within scaffolds with 
over 300 combinations of modulus and permeability, we showed that the same loading 
parameters applied to various scaffold material properties results in physical stimuli 
spanning orders of magnitudes. This study highlights the complexity of comparing the 
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efficacy of such systems and the loading parameters used. Hence, the extent to which 
the variations in the material properties of scaffolds affect cell response to mechanical 
loading is not well understood. This understanding is further confounded by the fact 
that scaffold chemistry (e.g. charge, hydrophobicity, backbone chemistry) may also 
affect cell metabolism and response to physical stimuli. To date, there has not been a 
thorough study on how scaffold materials properties affect the response of 
chondrocytes to mechanical loading. 
 Therefore, to elucidate the physical stimuli driving cell response to loading, the 
objective of this study was first to use FE analysis to estimate the spatial distribution 
of physical stimuli within engineered constructs of a similar material but with different 
material properties. The second objective was to characterize the effect the simulated 
stimuli would have on matrix metabolism and assembly by chondrocytes seeded 
within such constructs. We hypothesize that 1) chondrocyte metabolism is dependent 
on scaffold composition and 2) scaffold response affects the response of chondrocytes 
to mechanical loading.  
 
Methods 
Cell culture experiments 
Chondrocyte harvest and isolation  
 Bovine articular chondrocytes (AC) were harvested using previously described 
protocols (74). Briefly, articular cartilage tissue was harvested from the patellofemoral 
grooves and femoral condyles of 1 to 3 day-old calves.  The harvested tissues were 
chopped into smaller pieces and digested overnight at 37°C and 5% CO2 in 
Dulbecco’s modified Eagle medium (DMEM) containing 0.3% collagenase 
(Worthington Biochemicals, Lakewood, NJ) and 100 U/mL penicillin G sodium, 100 
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µg/mL streptomycin sulfate, 25 µg/mL amphoterocin B. The digest solution was 
filtered with a 100 µm cell strainer and primary articular chondrocytes were isolated 
from the strained digest solution by centrifugation at 338 x g for 7 min. Cells were 
washed twice with Dulbecco’s phosphate-buffered saline (PBS) and viability was 
determined using trypan blue. Only cells solution with viabilities of 85% or higher 
were used for these studies. Primary chondrocytes from were seeded at density of 25 
million cells per ml in 6mm diameter, 1mm height alginate disks of different weight 
percents as described below.  
 
Gel formation and culture 
 Cell and alginate solutions of one, two and three weight percent purified 
alginate (10/60) alginate (FMC Biopolymers, Drammen, Norway) were crosslinked 
with sterilized 2wt % calcium sulfate (Sigma Aldrich, St. Louis, MO.) using an 
established injection molding technique (79). Briefly, cell pellets were resuspended in 
sterile 10 (C1), 20 (C2) or 30mg/ml (C3) alginate in PBS at a density of 25 million 
cells per ml and crosslinked with 20mg/ml CaSO4 in PBS at a 2:1 ratio. The 
crosslinked solution was molded into a 1mm thick sheet, from which 6mm diameter 
disks were acquired using a biopsy punch. The chondrocyte encapsulated disks were 
cultured in an incubator at 5% CO2, 95% humidity, and 37°C in DMEM supplemented 
with 10% fetal bovine serum, 100 µg/ml penicillin, 100 U/ml streptomycin and 50 
µg/ml ascorbic acid.  
 
Scaffold Loading (Fig. 4.1) 
 The cultured gels were maintained as either free swell, static (at 0-2.5% strain) 
or dynamically loaded. The dynamically loaded gels underwent a 2.5% static offset 
and 2.5% sinusoidal dynamic compression for 1hr on, 1hr off, 1hr on, every other day 
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(37). All gels (free swell (FS), static (S) and loaded (L)) were then cultured for 0, 1 
and 2 weeks, with media changed every two days (after loading was completed); the 
disks (n=20-24 per condition and time point) and used media were frozen at -20°C for 
analysis. 
 
Finite element analyses of scaffolds under loading 
 Finite element (FE) models of the dynamically compressing scaffold (one for 
each weight percent experimentally tested) was created using COMSOL multiphysics 
software (Burlington, MA), as previously described (171). Briefly, two dimensional 
models of 1 mm x 3 mm axisymmetric scaffolds, containing 320 quadrilateral 
elements exponentially biased to the edges, yielding a total of 3063 degrees of 
freedom, were created. The scaffold materials were assumed to be homogenous and 
isotropic with strain dependent permeability. All scaffolds were assumed to have a 
poisson's ratio of 0.167 and a density of 1240 Kg/m3.  
 The scaffold moduli and permeabilities used for FE analysis were acquired 
from the mechanical analysis of the experimental samples prior to culture. The 
scaffolds were assumed to be fully hydrated, with the fluid having an assumed 
viscosity of 0.001 Pa·s and density of 1000 Kg/m3. To model the fluid/solid 
interactions in the scaffolds under loading, a time dependent coupled pore 
pressure/effective stress analysis was performed using the structural mechanics 
application mode and Darcy’s flow pressure model of the chemical engineering 
module of COMSOL. Maximum pressure, radial fluid velocity and radial strain were 
calculated for each model after equilibrium was achieve, which occurred at 300 
seconds. 
 
  71
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Lo
ad
in
g 
C
on
di
tio
ns
FS
S
L
t (hr)0 1 32 21
//
Load
Rest
Load
Rest
Lo
ad
in
g 
C
on
di
tio
ns
 
Figure 4.1: Time history of applied free swell (FS), static (S) or dynamic (L) loading 
on cultured samples. Static loading consisted of a 5% static strain and the dynamic 
loading consisted of a 2.5% sinusoidal strain super-imposed on a 2.5% static offset. 
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Biochemical Analysis 
 Gel samples were weighed upon removal from culture, lyophilized, and 
weighed again, before digestion in 1 ml of 0.125 mg/ml papain in phosphate buffer 
with EDTA at 60°C for 18hrs. Papain digests and frozen media samples were treated 
with 1µl of a 10 unit alginate lyase (Sigma Aldrich, St. Louis, MO) solution in PBS, to 
further reduce the effect of cross reaction of DMB with macromolecular alginate. Both 
the collected media (n=8) and disks (n=7-10) were assayed for glycosaminoglycan 
(GAG) content, with serial dilutions of chondroitin-6-sulfate (Sigma) from shark 
cartilage in papain digest buffer (for gel samples) or medium (for collected media 
samples) used as standards (137). DMB-GAG binding was observed at 525 nm.   
 DNA content within the constructs (n=7-10) was quantified using a Hoechst 
33258 dye based assay following standard protocol (138). Briefly, papain digested 
samples were reacted with Hoechst 33258 dye excited at 358 nm and emission 
observed at 458 nm. Calf thymus DNA at serial dilutions was used as standards. 
 
Mechanical Analysis 
 Confined compression tests were used to assess the mechanical integrity of the 
gels at the different time points according to established protocols (79, 172) (n=5-10 
per condition). A uniaxial testing system (EnduraTec, Bose, IN) was used to determine 
the aggregate modulus. Harvested and frozen samples were thawed in 0.5 ml of an 
EDTA-free protease inhibitor cocktail (Sigma Aldrich, St. Louis, MO) in PBS solution 
in a 37°C water bath. Thawed samples were then placed in a confined compression 
chamber and loaded with a porous platen to 40% strain in sequential 50µm 
increments, with relaxation loads recorded with each strain step. Constructs were 
allowed to relax till equilibrium (approx. 7mins) before the next strain step was 
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imposed. The stress relaxation data was fit to a poroelastic model of material behavior 
that yielded the aggregate modulus (HA) of the constructs (139, 140).  
 
Histological Assessment 
 Samples reserved for histology (n = 4-6 per condition) were fixed in 10% 
formalin supplemented with 1% calcium sulfate to help maintain gel integrity. 
Samples were then dehydrated in increasing concentrations of ethanol to 100% 
ethanol, embedded in paraffin, sectioned (5µm thick circular en face slices) and 
mounted onto slides. Sections were stained with Safranin O (0.1% in DI water) for 
glycosaminoglycan deposition and localization and Hematoxylin and eosin (H&E) for 
nuclei and general matrix distribution. Slides were imaged using a Spot Jr Digital 
camera attached to an inverted Nikon TS 200 microscope (MicroVideo Instruments, 
Avon, MA), and photomicrographs were obtained of stained regions. 
 
Statistical analysis 
 Data in all graphs were reported as means +/- standard deviation for all 
conditions. Statistical comparisons of total GAG, µg GAG/mg wet weight (WW), 
cumulative media GAG, GAG retention, HA and cell density between all groups was 
performed on the data from all groups using a two way ANOVA by proc mixed 
analysis (p<0.001) on SAS 9.1 (Cary, NC). The proc analysis, which uses standard 
linear models, allows for both fixed and random effects in our study. Tukey’s HSD 
post hoc test was carried out to make pairwise comparisons between groups with 
calculated p values considered significant for p<0.05.  
 The data for static and dynamically loaded samples were then normalized to 
the averages of the data of free swell samples to analyze changes due to loading 
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condition. A multiple ANOVA on the normalized data set with a Bonferroni 
correction was done to assess effects with time, compare means of the different 
scaffold compositions as a result of either dynamic or static loading and to compare 
the effects of both static and dynamic loading on scaffold composition. To compare 
normalized values to the free swell conditions, analysis of the confidence intervals of 
the least square means was done with p<0.05. 
 
Results 
Finite Element Analysis 
 Finite element analysis of the loading gels showed uniform physical stimuli in 
the majority of the bulk of all models (Fig. 4.2), with low pressures and high fluid 
velocities at the radial edges. The analysis of the 3wt% gel showed twice the amount 
of pressure (p=442Pa) and radial fluid velocity (v=7.1µ/s) than 1wt% (p=194Pa, 
v=3.5µ/s) and 2wt% (p=217.6Pa, v=3.7µ/s) gels. No difference in radial strains was 
found for any of the weight percents (not shown). 
 
DNA Analysis  
 Gels in all conditions studied showed a significant decrease in DNA (p<0.003) 
after the first week of culture (Fig. 4.3). By the second week, 1wt% gels had 
significantly higher DNA content than 2 and 3wt% gels (p≤0.003), regardless of the 
culture conditions. Static and dynamic loading had no effect on all but 1wt% gels, 
where at 2 weeks, statically loaded gels had higher DNA content than either free swell 
(p=0.03) or dynamically loaded gels (p=0.001). 
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GAG Analysis  
 Glycosaminoglycan content in the gels increased with time for all groups 
(p<0.05), with the most rapid accumulation in 1 wt% gels (Fig. 4.4, p=0.006). When 
2wt% gels were subjected to dynamic loading, a significant increase in gel GAG 
content was found by 2 weeks when compared to static loading (p=0.04). When 
normalized to free swells, the gel GAG content of statically loaded 3wt% gels and 
dynamically loaded 2 and 3wt% gels were significantly higher by two weeks of 
culture (p<0.05 for all comparisons). Dynamic loading also significantly increased the 
gel GAG content in 3wt% gels with time (p<0.0001) (Fig. 4.4b).  
 The amount of glycosaminoglycans released to the surrounding medium 
increased with time, with 1wt% gels releasing at a much higher rates than either 2 or 
3wt% gels (data not shown). At 2 weeks, the cumulative amount released by 1wt% 
gels was significantly higher than amounts released by either 2 or 3wt% gels 
(p<0.0001), with most of the release occurring after the first week of culture. Neither 
static nor dynamic loading enhanced GAG release to the surrounding medium. In 
addition, GAG retention decreased with time only for cells encapsulated in 1wt% gels 
(p≤0.003), regardless of loading condition (Fig. 4.5a). Retention by 1wt% gels at 2 
weeks was significantly lower than 3wt% gels under free swell (p=0.0003) (Fig. 4.5a) 
and 2 and 3wt% gels when statically or dynamic loaded (p≤0.02) (data not shown). 
Lastly, static loading had no effect on GAG retention and dynamic loading 
significantly increased retention only in 2wt% gels at 2 weeks (p<0.05), both when 
compared to free swell values. 
 Total GAG production increased with time for all groups studied (data not 
shown), although this increase was highest for 1wt% gels by 2 weeks (p<0.0001). The 
total amount produced was more sensitive to scaffold composition than loading 
condition, with cells seeded in 1wt% gels producing more than twice the amount  
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produced by those seeded in 2 or 3wt% gels (p≤0.005 and p≤0.0006, respectively). 
Although loading had no statistically significant effect on total GAG produced, on 
average, dynamically loaded 2 and 3wt% gels produced higher amounts of GAG than 
statically loaded gels by 2 weeks. 
 In comparing the results of the finite element analysis to the resulting effects 
on chondrocyte behavior, increasing physical stimuli resulted in increase in total GAG 
produced and amount retained (Table 4.1). This increase with increase stimuli was 
more drastic between 1 and 2 or 3wt% gels, than between 2 and 3wt% gels. For 
example, in 3wt% gels, FE analysis demonstrated twice the increase in pressure and 
fluid velocity (at 442 kPa and 3.1 µ/s, respectively), when compared to 1wt% gels that 
resulted in 1.2 total GAG produced (loaded/free swell).  
 
Histological Assessment 
 Gels cultured under free swell and static loading conditions had more GAG 
and collagen staining as evident by histological analysis (data not shown). This 
difference was more pronounced in 1wt% gels and less so in 3wt% gels. In 1wt% gels, 
GAG and general collagen staining, although predominantly localized to the 
circumference of the gels was diffusely evident within the body of the construct. GAG 
and Collagen staining was similar in 2 and 3wt% gels, with few localized areas of 
large matrix deposits found at the circumference of 2wt% gels and fewer in 3wt% 
gels. 
 
Aggregate Modulus (HA) 
Loading had no effect on the aggregate moduli of 1 and 2wt% gels throughout the 
culture period (Fig. 4.6a and 4.6b). In 3wt% gels, dynamic loading increased the  
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aggregate modulus up to 80% by 2 weeks (p≤0.04) and static loading decreased the 
moduli of these constructs by the second week (p=0.007) when compared to dynamic 
loading (Fig. 4.6c). 
 
Discussion 
 This study demonstrates that scaffold composition (and the resulting 
mechanical properties) affects articular chondrocyte proteoglycan assembly and 
response to mechanical loading. The least compliant and most permeable constructs 
(1wt% alginate) produced the largest amounts of glycosaminoglycan and released the 
most to the surrounding medium. In addition, dynamic loading increased GAG content 
in 2- and 3wt% gels at 2 weeks. Convective flow within the gels due to either static or 
dynamic loading did not increase GAG loss over the culture period studied in 2 or 
2wt% gels, but did limit GAG retention in 1wt% gels.  
 Finite element analysis showed different levels of physical stimuli present 
within the loading gels and this pattern was consistent with the differences in GAG 
accumulation within them. Few studies have sought to correlate physical stimuli 
present within loading tissues or constructs with matrix metabolism (40, 122, 123, 
152, 168). In a study we recently published on finite element analysis of loading 
scaffolds, differences in physical stimuli (pressures, fluid velocities and strains) were 
found to span orders of magnitude when loaded with the same loading regimen (171). 
This large variation is due to scaffold composition and hence material properties; the 
repercussions of which has been highlighted in this study. Presently, we’ve shown that 
dynamic loading of 3wt% gels, which experienced the highest amounts of pressure 
and radial fluid velocity, produced the most functional matrix as evidenced by a 80% 
increase in aggregate modulus. Although the amounts produced by these gels were 
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smaller than that produced by 1wt% gels, this small amount was sufficient enough to 
have a profound effect on the resulting mechanical integrity of engineered construct 
(Fig. 4.6). This suggests that proteoglycans may interact mechanically with alginate 
scaffolds. 
 Although several studies have highlighted the dependence of cell metabolic 
activity on scaffold composition (33, 112, 173-176), few have assessed the effects of 
scaffold composition on GAG assembly by chondrocytes when dynamically loaded. In 
a study assess the effects of scaffold composition on cell behavior, Buschmann et al. 
(33) showed no significant difference in the GAG or DNA content of 2 and 3wt% 
agarose seeded constructs, which is consistent with the findings of our study. In our 
study, scaffold composition played a major role on GAG assembly by chondrocytes. 
Cells seeded in 1wt% gels produced on average, more than twice the amounts 
produced by those seeded in 2 or 3wt% gels. This may be attributed to increased 
scaffold permeability which increases nutrient and waste transport in and out of the 
constructs. Interestingly, the decreased permeability of 3wt% gels didn’t enhance 
GAG retention, although 2 weeks of culture may be too short a time for significant 
changes to occur. 
 The behavior of cells and their interaction with scaffolds becomes more 
complex with the application of dynamic loading. Even still, fewer studies have tried 
to relate the physical stimuli present within loading constructs to the behavior of cells 
encapsulated within them. In a study by Stops et al. (177), a finite element model was 
developed to analyze the mechanical influence of the host environment (i.e. scaffold) 
on cell-seeded collagen-GAG scaffold. Their results demonstrated that a very wide 
range of microscopic strains act at the cellular level, when a sample value of 
macroscopic strain was imposed on the cell-seeded scaffold. This variation in strain is 
made larger by the use of scaffold of different compositions, as found in our study, 
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and creates even larger variations with loading.  The reduced response to mechanical 
loading found in our study is consistent with published data (33, 42, 170) and can be 
attributed to the short culture period used. These published studies have shown that 
cell response to mechanical loading increases with increased matrix deposition within 
the scaffold which comes with longer culture times. And increasing culture time and 
loading cycles can be expected to affect our engineered constructs similarly. 
 In this study, we have highlighted the important roles scaffold composition 
play in cell metabolic activity and the complex effect it has when dynamically loaded. 
We hypothesize that the actual physical stimuli present within loading scaffolds 
(pressures, strains and fluid velocity gradients) are better predictors of cell response 
and should thus be used as the metric of choice when assessing the benefits of a 
scaffold or mechanical loading parameters. 
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CHAPTER 5 
 
Mesenchymal Stem Cell response to Dynamic Compression is 
Modulated by Scaffold Composition in Engineered Cartilage 
Constructs  
 
Abstract 
Dynamic compression is increasingly being used on cell-seeded constructs to enhance 
tissue formation and the functionality of engineered cartilage tissues. Its use has 
resulted in large variations in cell response that has been attributed to large variations 
in scaffold properties and loading parameters. To date, the effects of scaffold 
composition and the resulting scaffold property on mesenchymal stem cell matrix 
metabolism has yet to be elucidated. Using a specific loading regimen, we studied the 
effects of different scaffold compositions on cartilage tissue engineered constructs. 
Second passage mesenchymal stem cells were encapsulated in 1, 2 or 3wt% alginate 
hydrogels at 25 x 106cells/ml. The constructs were either left under free swell 
conditions, or statically or dynamically loaded in a custom designed bioreactor. 
Constructs under static loading received a 2.5% static strain for 2 hrs (1hr on, 1hr off, 
1hr on) every other day. Those being dynamically loaded received a 2.5% static off set 
strain and a 2.5% dynamic sinusoidal strain, with similar duty cycles as the static 
condition. Constructs and surrounding media harvested at up to 2 weeks were assessed 
biochemically and histologically for DNA and glycosaminoglycan (GAG) content. 
Immunohistochemistry of link protein was done, and subsets of samples were 
mechanically tested for aggregate modulus. Finite element analysis of the physical 
stimuli within the loading scaffolds showed differences with scaffold composition. 
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GAG production increased with time for all scaffold compositions studied, though 
cells seeded in 1wt% gels under free swell produced the most but retained the least 
amount of GAG within the constructs by 2 weeks. Two and three weight percent 
constructs had similar GAG metabolic activity, regardless of culture condition. 
Interestingly, extracellular matrix assembly did not differ for gels of all compositions 
when statically or dynamically loaded. The data presented here is consistent with 
trends found in MSC studies using different scaffold types and loading conditions. 
This study highlights how scaffold loading can modulate MSC response in scaffolds 
of different compositions. 
 
Introduction 
 Mesenchymal stem cells (MSCs) can differentiate into cells of several 
lineages, including cartilage, bone and muscle cells (86). The use of these cells for 
cartilage tissue engineering and regeneration has increased recently (118, 169, 178), 
with the attraction stemming from their ability to retain their phenotype after serial 
passaging (80). As a result, tissue engineering strategies are increasingly focusing on 
their use in cartilage tissue engineered constructs. Several studies have shown that 
MSCs encapsulated in scaffolds can indeed produce cartilage matrix molecules with 
corresponding increases in mechanical integrity, although not to the same extent as 
chondrocyte seeded scaffolds (88, 96, 118, 133, 178).  
 To enhance the integrity and functionality of engineered cartilage, several 
studies have incorporated the use of mechanical loading devices to enhance matrix 
production by the encapsulated cells (31, 37, 40, 43, 45, 170, 179, 180). The use of 
mechanical stimulation to enhance construct formation in vitro stems from mechanical 
stimuli being present in developing musculoskeletal systems. In growing embryos, 
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physical stimuli in the form of muscle contractions acting on cartilage rudiments has 
been shown to be crucial for joint cavitation and subsequent articular cartilage 
development (51, 55, 60, 61). Mechanical loading has also been shown to be crucial 
for maintaining cartilage homeostasis (21, 58, 150, 151). Findings such as these have 
resulted in the use of mechanical loading devices for cartilage tissue engineering 
whereby pertinent stimuli applied to engineered constructs are used to improve tissue 
formation in vitro. 
 In addition to the different combinations of parameters being used for dynamic 
loading, several scaffold materials have been formulated for use within such systems 
(43, 95, 96, 106, 113, 173, 181). Unfortunately, the magnitude of enhancement found 
is highly variable amongst systems. For example, in a study by Lima et al (161), 
chondrocytes seeded in two weight percent agarose gels produced similar amounts of 
glycosaminoglycan when dynamically loaded compared to free swell cultured gels, 
while a study by Waldman et al (165) reported almost twice the increase in GAG 
produced by chondrocytes seeded in porous calcium polyphosphate substrate after 4 
weeks of dynamic loading compared to their free swell constructs. In a recent study 
(171), we showed that variations in response can be found in mechanical loading 
studies due largely to similar loading conditions producing varied effects when 
imposed on different scaffold materials. As a result, assessment of the efficacy of 
mechanical loading systems and the loading parameters used has proven difficult.  
 Finite element (FE) analyses have been employed to quantify the physical 
stimuli present within dynamically loaded scaffolds (121-123, 154, 171). Using such a 
method, we have previously shown that loading applied to scaffolds of various 
material properties result in physical stimuli spanning orders of magnitudes. However, 
the extent to which the variations in the material properties of scaffolds affect cell 
response to mechanical loading is not well understood. To begin to elucidate the 
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physical stimuli driving cell response to loading, we used FE analysis to estimate the 
spatial distribution of physical stimuli present within cyclically compressing 
engineered constructs. The analysis was done on alginate gels of varying scaffold 
composition, and hence varying mechanical properties. The effects the simulated 
stimuli would have on matrix assembly by mesenchymal stem cells seeded within 
such constructs were then characterized. We hypothesized that 1) MSC proteoglycan 
assembly is dependent on scaffold composition and 2) the difference in proteoglycan 
assembly by MSCs seeded in varying scaffold composition is more pronounced with 
static or dynamic scaffold loading; with glycosaminoglycan content being used as a 
marker of differential response.  
 
Methods 
Cell culture experiments 
Mesenchymal Stem cell harvest and Isolation 
 Equine sternal MSCs were harvested and passaged using established protocols 
(79, 88). Bone marrow aspirates were obtained aseptically from the sternum of the 
horses within two hours of euthanasia. Aspirates were collected in 60 cc syringes 
containing 8 ml of 10,000 USP units of chilled heparin sodium solution (Baxter 
Healthcare corp., Deerfield, IL). Four to six 60cc syringes were obtained per animal. 
Under sterile conditions, 30 ml of aspirate was resuspended in 15 ml of PBS and 
centrifuged at 338 x g for 10 min to remove red blood cells. The cell pellet was 
resuspended in 30 ml of DMEM containing 4.5 g/L sodium pyruvate supplemented 
with 10% Fetalplex (Gemini Bioproducts, West Sacramento, CA), 100 µg/ml 
penicillin G sodium, 100 U/ml streptomycin sulfate, 25 µg/mL amphoterocin B, 4.5 
g/L L-glutamine, 25 mM HEPES buffer (Sigma Aldrich, St. Louis, MO.) and 1 ng/ml 
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basic fibroblast growth factor (PeproTech, Rocky Hill, NJ),) and plated in 175 cm2 
flasks at 5% CO2, 95% humidity, and 37°C. Twenty-four hours after incubation, half 
the volume in each flask was transferred to a new flask and the media level was 
supplemented up to 30 ml/flask. The medium was changed twice a week until 80% 
confluency was achieved to attain first passage cells (P1). Second passage cells (P2) 
were obtained by replating P1 cells at a concentration of 10,000 cells/cm2 in T-175cm2 
flasks and treated as above until they formed 80% confluent monolayer. Each flask 
yielded 6-8 million cells and the resulting monolayer cultures appeared homogeneous 
and morphologically resembled cells commonly described as MSCs (86). Some cell 
heterogeneity may have persisted, despite phenotypic similarities. Trypsinized P2 cells 
were encapsulated in 6 mm alginate gel disks by injection molding as described 
below. 
 
Gel formation  
 Cell and alginate solutions of one, two and three weight percent purified 
alginate (10/60) alginate (FMC Biopolymers, Drammen, Norway) were crosslinked 
with sterilized 2wt % calcium sulfate (Sigma Aldrich, St. Louis, MO) using 
established injection molding techniques (79). Briefly, cell pellets were resuspended in 
sterile 10, 20 or 30 mg/ml alginate in PBS at a density of 25e6 per ml and crosslinked 
with 20 mg/ml CaSO4 in PBS at a 2:1 ratio. The crosslinked solution was molded into 
a 1 mm thick sheet, from which 6 mm diameter disks were acquired using a biopsy 
punch.  
 
Gel disk culture 
 The cell encapsulated alginate disks were cultured in an incubator for 0, 1 or 2 
weeks at 5% CO2, 95% humidity, and 37°C. The MSC seeded disks were cultured in 
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chondrogenic medium consisting of DMEM, 4.5 g/L sodium pyruvate, 10% fetalplex, 
100 µg/ml penicillin G sodium, 100 U/ml streptomycin sulfate, 25 µg/mL 
amphoterocin B, 4.5 g/L L-glutamine and 25 mM HEPES buffer and supplemented 
with 5 ng/ml transforming growth factor beta 1 (TGF-β1, − PeproTech, Rocky Hill, 
NJ) (88).  
 
Dynamic compressive loading of scaffolds 
 Cultured gels were kept as either free swell, static (at 0% strain) or loaded. The 
loaded gels underwent a 2.5% static offset and 2.5% sinusoidal dynamic compression 
for 1hr on, 1hr off, 1hr on, every other day (37). Gels were then cultured for 0, 1 or 2 
weeks, with media changed every two days after loading was completed; the disks and 
used media were frozen at -20°C for analysis. 
 
Analysis 
Finite element model of scaffolds under loading 
 Finite element (FE) analysis of the dynamically compressing scaffold (one for 
each weight percent experimentally tested) was done using COMSOL multiphysics 
software (Burlington, MA), as previously described (171). Briefly, two dimensional 
models of 1 mm x 3 mm axisymmetric scaffolds, containing 320 quadrilateral 
elements exponentially biased to the edges, yielding a total of 3063 degrees of 
freedom, were created. The scaffold materials were assumed to be homogenous and 
isotropic with strain dependent permeability. All scaffolds were assumed to have a 
poisson's ratio of 0.167 and a density of 1240 Kg/m3. Scaffold moduli and 
permeabilities used for FE analysis were acquired from the mechanical analysis of the 
experimental samples. The scaffolds were assumed to be fully hydrated, with the fluid 
having an assumed viscosity of 0.001 Pa·s and density of 1000 Kg/m3. To model the 
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fluid/solid interactions in the scaffolds under loading, a time dependent coupled pore 
pressure/effective stress analysis was performed using the structural mechanics 
application mode and Darcy’s flow pressure model of the chemical engineering 
module of COMSOL. Maximum pressure, radial fluid velocity and radial strain were 
calculated for each model after equilibrium was achieve, which occurred at 300 
seconds 
 
Biochemical Analysis 
 A 1, 9-dimethylmethylene blue dye (DMB, Sigma) based assay (137) was used 
to quantify sulfated GAG content in papain digested disks and collected media 
samples. Gel samples were weighed upon removal from culture, lyophilized, and 
weighed again, before digestion in 1 ml of 0.125 mg/ml papain in phosphate buffer 
with EDTA at 60°C for 18hrs. Papain digests and frozen media samples were treated 
with 1 µl of a 10 unit alginate lyase (Sigma Aldrich, St. Louis, MO) solution in PBS, 
to further reduce the effect of cross reaction of DMB with macromolecular alginate. 
Both the collected media and disks were assayed for GAG content with serial dilutions 
of chondroitin-6-sulfate (Sigma) from shark cartilage in papain digest buffer (for gel 
samples) or medium (for collected media samples) used as standards. DMB-GAG 
binding was observed at 525 nm. DNA was quantified using a Hoechst 33258 dye 
based assay following standard protocol (138). Briefly, papain digested samples were 
reacted with Hoechst 33258 dye excited at 358 nm and emission observed at 458 nm. 
Calf thymus DNA at serial dilutions was used as standards. 
 
Mechanical Analysis 
Confined compression tests were used to assess the mechanical integrity of the gels at 
the different time points according to established protocols (79, 96) (n=3-5 samples 
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per condition). A uniaxial testing system (EnduraTec, Bose, IN) was used to determine 
the aggregate modulus. Harvested and frozen samples were thawed in 0.5 ml of an 
EDTA-free protease inhibitor cocktail (Sigma Aldrich, St. Louis, MO) in PBS solution 
in a 37°C water bath. Thawed samples were then placed in a confined compression 
chamber and loaded with a porous platen to 40% strain in sequential 50 µm 
increments, with relaxation loads recorded at each strain step. Constructs were allowed 
to relax until equilibrium (approx. 7mins) before the next strain step was imposed. The 
stress relaxation data was fit to a poroelastic model of material behavior that yielded 
the aggregate modulus (HA) of the constructs (139, 140).  
 
Histological Assessment 
 Samples reserved for histology (n=2 samples per group) were fixed in 10% 
formalin supplemented with 1% calcium sulfate to maintain gel integrity. Samples 
were then dehydrated in increasing concentrations of ethanol to 100% ethanol, 
embedded in paraffin, sectioned (5 µm thick slices) and mounted onto slides. Sections 
were stained with Safranin O (0.1% in DI water) for glycosaminoglycan deposition 
and localization and Hematoxylin and eosin (H&E) for nuclei and general matrix 
distribution. Samples with the highest GAG retention from each group, as indicated by 
biochemical analysis, were analyzed for link protein localization using an established 
immunohistochemistry protocol (182). Slides were imaged using a Spot Jr Digital 
camera attached to an inverted Nikon TS 200 microscope (MicroVideo Instruments, 
Avon, MA), and photomicrographs were obtained of stained regions. 
 
Statistical analysis 
 Data in all graphs were reported as means +/- standard deviation for all 
conditions. Statistical comparisons of total GAG, µg GAG/mg ww, cumulative media 
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GAG, GAG retention, HA and cell density between all groups was performed on the 
data from all groups using a two way ANOVA by proc mixed analysis (p<0.001) SAS 
9.1, Cary, NC). The proc analysis, which uses standard linear models, allows for both 
fixed and random effects in our study. Tukey’s HSD post hoc test was carried out to 
make pairwise comparisons between groups with calculated p values considered 
significant for p<0.05. Linear regression and Pearson’s correlation analysis was 
performed on HA per µg GAG/mg ww data sets. 
 The data for static and dynamically loaded samples were normalized to the 
averages of the data of free swell samples to analyze changes due to loading condition. 
A multiple ANOVA on the normalized data set with a Bonferroni correction was done 
to assess effects with time, compare means of the different scaffold compositions as a 
result of either dynamic or static loading, and to compare the effects of both static and 
dynamic loading on scaffold composition. To compare normalized values to the free 
swell conditions, analysis of the confidence intervals of the least square means was 
done with p<0.05. 
 
Results 
Finite Element Analysis 
Finite element analysis of the loading gels showed uniform physical stimuli in the 
majority of the bulk of all models (data not shown), with low pressures and high fluid 
velocities at the radial surfaces. The analysis of the 3wt% gel showed twice the 
amount of pressure (p=442 Pa) and radial fluid velocity (v=7.1 µ/s) than 1wt% (p=194 
Pa, v=3.5 µ/s) and 2wt% (p=217.6 Pa, v=3.7 µ/s) gels. No difference in radial strains 
was found for any of the weight percents. 
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DNA Analysis 
All conditions showed an initial decrease in DNA at the first week of culture 
(p≤0.0003). Although gels in all conditions significantly increased in DNA content by 
the second week of culture, only 1wt% gels were able to rebound to initial DNA levels 
(Fig. 5.1a). At the second week of culture, 1wt% gels had significantly higher DNA 
content than either 2 or 3wt% gels (p≤0.004), only when cultured under free swell 
conditions. Two and three weight percent gels had similar DNA contents regardless of 
culture condition (p>0.05). Dynamic loading significantly decreased DNA content 
only in 1 and 2wt% gels by the second week of culture (p<0.05) when compared to 
free swell (Fig. 5.1b). Dynamic loading significantly decreased DNA content of 2wt% 
gels by 2 weeks (p=0.014). 
 
GAG Analysis 
 Total GAG production increased with time for all groups studied, though this 
increase was significantly higher for 1wt% gels cultured under free swell (p<0.0001). 
Under free swell conditions at 2 weeks, the total amount of GAG produced in 1wt% 
gels was almost twice the amount produced by either 2 or 3wt% gels (p<0.002 and 
p<0.004, respectively) (Fig. 5.2a). Static loading significantly decreased the total 
GAG produced only in 1wt% gels (p<0.05), while dynamic loading decreased the 
amounts produced by gels in all weight percents, when compared to free swell 
(p<0.05) (Fig. 5.2b). Dynamic loading decreased the total GAG produced in 2 and 
3wt% gels by the second week of culture. 
 Glycosaminoglycan content significantly increased by the second week of 
culture only for gels cultured under free swell conditions (p<0.05). And under free 
swell, 1wt% gels had statistically larger amounts of GAG than 2wt% (p<0.0001) (Fig.  
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5.3a).  Both static and dynamic loading decreased gel GAG content in gels of all 
weight percents, when compared to free swell gels (p<0.05) (Fig. 5.3b). And static 
loading decreased gel GAG content only in 2wt% gels (p=0.047), while dynamic 
loading decreased gel GAG in all gels of all weight percents (p≤0.0012), by the 
second week in culture. In addition, the amount of glycosaminoglycans released to the 
surrounding medium increased with time (p<0.05). 1wt% gels released significantly 
larger amounts than either 2 or 3wt% gels when cultured under free swell (Fig. 5.4a), 
while no difference was found between 2 & 3wt% gels. Both static and dynamic 
loading significantly decreased the amounts released by 1wt% gels (p<0.05), while 
dynamic loading significantly increased by 3wt% gels during the first week of culture 
(Fig. 5.4b and 5.4c). 
 GAG retention decreased with time for all conditions and the drop in retention 
was more drastic for cells encapsulated in 1wt% gels (Fig. 5.5a). Retention by 1wt% 
gels was significantly lower than 2 and 3wt% gels (p<0.02) when cultured under free 
swell (Fig. 5.5a). Only statically loaded 1wt% gels at 1 week of culture had a 
significantly different amount of GAG retained, when compared to free swell (p<0.05) 
(Fig. 5.5b). And dynamic loading decreased retention only in 2wt% gels by the second 
week of culture (p=0.014). 
  
Histology and Immunohistochemical Assessment 
 One weight percent gels had more diffuse GAG and collagen staining as 
evident by histological analysis (data not shown), although staining was 
predominantly localized to the circumference of the gels. GAG and Collagen staining 
was similar in 2 and 3wt% gels, with few localized areas of large matrix deposits  
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found at the circumference of 2wt% gels and fewer in 3wt% gels. There was no 
difference in staining for gels statically or dynamically cultured. 
 Immunohistochemical analysis of link protein localization showed diffuse 
staining within the constructs of all conditions tested (Fig. 5.6). Gels cultured under 
free swell had more link protein stains, evident throughout the body of the construct. 
When statically or dynamically loaded, gels were found to have less link protein 
localization, and this was more evident in 2 and 3wt% gels. 
Mechanical Assessment 
No change in aggregate modulus was found regardless of time in culture, culture 
condition or scaffold composition (data not shown). 
 
FE analysis vs Total GAG 
In relating physical stimuli to total GAG produced, the range of pressures and fluid 
velocities produced within the different scaffold compositions scaled linearly with 
total GAG produced. The stimuli produced by dynamic loading of highest weight 
percent gel resulted in the largest increase in GAG production (Table 5.1).  
Discussion 
 This study demonstrates that mesenchymal stem cells respond to scaffold 
composition under free swell conditions and respond minimally to scaffold 
composition when either statically or dynamically loaded. The least stiff and most 
permeable constructs studied (1wt% alginate) resulted in the production of 
significantly larger amounts of glycosaminoglycan when cultured under free swell 
conditions. One weight percent gels also released the largest amounts to their 
surrounding medium. Although lowest for 1wt% constructs, all gels had a significant  
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Figure 5.6: Representative sample images of MSC seeded gels analyzed for link 
protein using immunohistochemical analysis on gels at 2 weeks (images at 200X 
magnification). The images show samples staining positively for link protein (brown 
stains) that are mostly localized to areas surrounding the encapsulated cells (dark 
blue). 
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drop in retention from the first to second week of culture. Lastly, although static and 
dynamic loading had no effect on GAG loss in 1wt% gels, both loading conditions 
significantly decreased GAG retention in 2 and 3wt% gels.  
 Several studies have assessed chondrocyte to response to dynamic compression 
(33, 37, 43, 47, 174, 183). These studies have shown up-regulation of extracellular 
matrix production by chondrocytes with the application of dynamic stimulation. 
Mesenchymal stem cell response to dynamic loading has been less studied, with most 
studies assessing response over much shorter time periods and mostly using gene 
expression analysis (45, 136, 184-187). These studies have shown variable response to 
mechanical loading, which we have recently established to result from differences in 
loading conditions, and scaffold materials (171). As assessed by finite element 
analysis, different levels of physical stimuli were present in the loading constructs 
used in our study. However, the different mean levels of physical stimuli, present in 
either statically or dynamically loaded gels, did not elicit different responses. In fact, 
static and dynamical loading was found to have an adverse effect on MSC matrix 
metabolism. 
 The inability of intermittent dynamic compression to assist in the formation of 
a more functional cartilaginous tissue when compared to free swell controls was 
highlighted by Thorpe et al. (186). This reflects the finding of our study, where neither 
static nor dynamic loading was found to enhance matrix production. A possible 
explanation is that due to the early application of loading to the constructs, the 
chondrogenic effects of the stimuli may be muted since MSCs are still undergoing 
chondrogenesis. Indeed, as observed in a study by Mouw et al. (45), the response of 
bone marrow derived MSCs encapsulated in agarose to dynamic loading did not 
enhance matrix production until 16 days free swell culture with TGF-β1. This two 
week pre-culture allowed the chondrogenic process to take place, after which the 
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differentiated cells could response to the physical stimuli being applied. In addition, as 
shown by Buschmann et al. (33), chondrocyte respond to mechanical loading is 
greater at later time points and after the development of a matrix through which 
mechanotransduction signals can be better transferred.  
 Some of the dependence of cell metabolic activity on scaffold composition has 
been previously highlighted (33, 112, 173-176). For example, in the study by 
Buschmann et al (33), no significant difference was found in GAG and DNA content 
of 2 and 3wt% agarose seeded constructs, which is consistent with the findings of this 
study. Unfortunately, very few studies have sought to assess stem cell response to 
scaffold composition. In this study, we have shown that scaffold composition 
modulates stem cells’ ability to produce and assembly an extracellular matrix. Their 
response to scaffold composition is muted with the application of loading, both static 
and dynamic. However, only a single combination of loading parameters was 
examined here, and scaffold composition may up-regulate matrix production by MSCs 
when loaded using different combinations of parameters. Although a peak to peak 
strain of 5% at a frequency of 1Hz is widely used in dynamic loading studies, larger 
and smaller combinations of strain and frequency have been used to show differential 
response of chondrocytes to those parameters (36, 48, 180, 188). MSCs are expected 
to respond differently to various combinations of strain and frequency as well. 
 In this study, we have highlighted the important roles scaffold composition 
play in mesenchymal stem cell metabolic activity and the important effect it has under 
static and dynamic loading. The data presented here suggest that the actual physical 
stimuli present within loading scaffolds (pressures, strains and fluid velocity gradients) 
are better predictors of cell response and that physical stimuli may compensate for 
differences in scaffold composition. 
 
  107
CHAPTER 6 
 
Conclusions 
 
 This dissertation assessed the ability of chondrocytes and mesenchymal stem 
cells to produce and assemble extracellular matrix towards engineering cartilage 
tissue. To establish baseline behaviors of these cells under widely studied cartilage 
tissue engineering conditions, the effects of cell seeding density, type and species on 
tissue formation was first assessed (Chapter 2). Then to elucidate the complex 
environments cells might sense when encapsulated in scaffolds under loading, a finite 
element model of a dynamically loaded scaffold was developed using COMSOL 
multiphysics (Chapter 3). Finally, to relate the physical stimuli present in loaded 
scaffolds to cell behavior, studies were done to assess glycosaminoglycan production 
and assembly within dynamically loading scaffolds, using chondrocytes (Chapter 4) 
and mesenchymal stem cells (Chapter 5). This chapter discusses the main findings of 
this dissertation and proposes future studies that can build on this body of work. 
In chapter 1, ECM assembly by chondrocytes was found to depend on cell 
density and was shown to be different between chondrocytes and chondrogenically 
differentiated MSCs. The most important result from this body of work was 
elucidating the limited ability of MSCs to assemble proteoglycan compared to 
chondrocytes, for which one of the causes may be reduced link protein production. 
Cartilage extracellular matrix production has been shown to be different for MSCs 
compared to chondrocytes (88, 133). But this differential response to chondrogenic 
culture has not been studied for varying cell densities or species. One of the 
consequences of the limitation in the use of MSCs was that GAG retention, although 
increasing with seeding density, was higher in chondrocyte seeded gels than MSC 
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encapsulated gels. Despite this disadvantage, chondrogenically differentiated first 
passage MSCs did produce the largest amounts of GAG. Although, unfortunately, 
much of the proteoglycan was subsequently lost to the surrounding culture medium. 
Finally, GAG production and retention by equine chondrocytes and MSCs was lower 
than that of the bovine chondrocytes, the cell type most commonly used to study 
cartilage matrix assembly.  
Although the effects of the parameters studied in the first chapter have been 
studied independently (42, 81, 82, 101, 116, 142, 189), few studies have assessed loss 
of matrix components to the surrounding medium and fewer have sought to determine 
mechanisms of loss. The most biosynthetically active cells did not necessarily have the 
most functional matrices as evident by the higher ranges of aggregate moduli within 
the bovine chondrocyte seeded gels and the low ranges observed within the equine 
chondrocyte seeded gels. To begin to address this lack of retention, a recent study by 
Nicodemus et al (147) detailed the functionalization of polyethylene glycol scaffolds 
with link protein to served as anchors for proteoglycans produced. This scaffold 
modification resulted in increased retention of ECM components made by cells 
encapsulated within the scaffold. Optimizing proteoglycan retention should be an 
important area of study for the advancement of MSC-based cartilage tissue 
engineering. 
With baseline behaviors of chondrocytes and MSCs using standard TE 
conditions established, the physical environments presented to cells was quantified 
when scaffolds are dynamically loaded. Knowing the important role mechanical 
loading plays in normal cartilage homeostasis (21, 22, 51, 52) has spurred the increase 
use of mechanical loading devices for TE construct stimulation (37, 42, 43, 45, 48, 
165, 179, 190, 191). Detailed in chapter 3, a literature survey on the efficacy of 
mechanical stimulation for cartilage tissue engineering and regeneration was done.  
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The survey revealed a wide range in cell response with no clear pattern of efficacy 
discernable. Glycosaminoglycan production spanned orders of magnitude, with 
particular loading strain and frequency combinations stimulatory in some cases and 
inhibitory in others. The properties and characteristics of scaffolds will play a major 
role in the stimuli imposed on cells. With scaffolds used in cartilage tissue engineering 
having moduli spanning 3 orders of magnitude and permeabilites spanning 4 orders of 
magnitude, the large variations seen in cell response within such scaffolds when 
dynamically loaded are not surprising. 
Next, to quantify the range in stimuli that responsible for the large variations in 
cell response, a poroelastic model was used to analyze the physical stimuli present 
within mechanically loaded scaffolds typically used in cartilage tissue engineering 
(chapter 3). Other studies have successfully used similar models to assess physical 
environments within loading tissues or scaffolds (121-123, 179, 192-194). As 
expected, all scaffold materials exhibited classic poroelastic behavior; i.e. pressurized 
cores with low fluid flow and edges with high radial fluid velocities.  The simulated 
scaffolds ranged from stiff impermeable materials such as polyethylene glycol to 
complaint materials such as collagen. When modeling the dynamic compression of 
such scaffolds under the same loading condition, large variations in pressures, strains 
and fluid velocities profiles within the models indicated that cells are indeed subjected 
to different gradients of physical stimuli. This large variation is highly dependent on 
the scaffold used.  
 Although studies have utilized finite element analysis to quantify the stimuli 
present within loading scaffolds, direct correlation to cell behavior is rarely done. The 
patterns of stimuli present within our models are consistent with those published in 
few studies that do exist. In addition, this is the first study that expands the analysis to 
360 modulus/permeability combinations, which included up to 10 different scaffold 
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materials in the over 30 different studies reviewed. As a result, it has enabled the 
creation of a map of the large variations possible within dynamically loading cartilage 
tissue engineering scaffolds and has highlighted the drastic differences in physical 
stimuli within these materials even when similarly loaded. This map can serve as a 
source for identifying key stimulatory factors that are critical for the formation of 
engineered tissue as well as for improving the functionality of the engineered 
constructs. 
 The results detailed in chapters 4 and 5 gives insight into the large variations in 
metabolic response seen in studies involving mechanical stimulation of cell-seeded 
constructs. Elucidated in these chapters, the same loading conditions were found to 
produce very different results due to differences in material properties. The data 
presented in chapter 3 has shown that the pressures seen within loading cartilage plugs 
(similar to conditions that may be observed in vivo) are still much higher than those 
being produced in scaffolds, but that the loads produced within scaffolds can be as 
complex. With the knowledge that scaffold properties play a major role in cell 
response to loading, ranges of physical stimuli present within loading scaffolds 
responsible for specific cell behaviors/response were then determined. Therefore, the 
experiments analyzed in chapter 4 sought to elucidate the physical stimuli driving 
chondrocyte response to loading. First, finite element analysis was used to estimate the 
spatial distribution of physical stimuli within engineered constructs of a similar 
material but with different compositions and mechanical properties. The effects these 
ranges in stimuli would have on matrix metabolism and assembly by chondrocytes 
seeded within such constructs was then characterized.  
 The results discussed in chapter 4 demonstrated that scaffold compositions 
(and the resulting mechanical properties) affect articular chondrocyte proteoglycan 
assembly and response to mechanical loading. The least compliant and most 
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permeable constructs (1wt% alginate) produced the largest amounts of 
glycosaminoglycan and released the most GAG to the surrounding medium. And 
although loading had no effect on the total GAG produced, dynamic loading increased 
gel GAG content in 2wt% and 3wt% gels with time. As previously shown (33, 136, 
170), this response to loading would be expected to increase with increasing in culture 
period. The body of work in this chapter suggests a change in paradigm. It suggests 
that the actual physical stimuli present within loading scaffolds (pressures, strains and 
fluid velocity gradients) are better predictors of cell response. 
 In assessing MSC response to scaffold composition and dynamic compression, 
as observed in chapter 2, MSCs responded differently when compared to 
chondrocytes. Mesenchymal stem cells responded to scaffold composition only under 
free swell conditions. When cultured in free swell, 1wt% gels produced more total and 
had higher amounts of gel GAG than either 2 or 3wt% gels (for which there was no 
difference).  No difference in total or gel GAG was found for constructs from all 
weight percents subjected to either static or dynamic loading, by 2 weeks of culture. 
Alternatively, compared to chondrocyte seeded gels, dynamic loading significantly 
decreased the total amount of GAG produced by 2 weeks in MSC seeded constructs. 
And both static and dynamic loading significantly decreased gel GAG content by 2 
weeks of culture.   
 Analysis of GAG loss to the medium still showed large losses especially by 
1wt% gels and, in this case, loss was enhanced by static loading in 1 and 3wt% gels 
and by dynamic loading in all compositions studied. Retention analysis showed a clear 
dependence on scaffold composition in free swell samples, with 3wt% gels retaining 
more than 2wt% and 2wt% retaining more than 1wt% gels. With static and dynamic 
loading, 3wt% gels retained more GAG than either 1 or 2wt% gels, for which there 
was no difference in retention either. Both static and dynamic loading decreased 
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retention when compared to free swell samples. This increased loss of GAG due to 
loading induced convection can once again be tied to reduced link protein production 
by MSCs. 
 To our knowledge, these studies are the first to systematically quantify cell 
response to specific stimuli presented within loading scaffolds. The results highlighted 
the significant role scaffold composition plays in determining cells response. Although 
differential scaffold response to loading was muted, response would be expected to 
change with increasing culture periods, after which varying amounts of retained 
matrix will begin to determine the physical environment. 
  
Future work 
 Although this dissertation has highlighted a major difference between 
chondrocyte and MSC proteoglycan assembly, more analyses are still required before 
MSCs can be considered equal replacements for chondrocytes. This section presents 
potential extensions of the work detailed in this thesis that may strengthen the 
knowledge on chondrocyte and/or MSC response to tissue engineering conditions. 
  
Further elucidate other mechanisms that may be responsible for GAG loss. 
 Immunohistochemical analysis has been used in this dissertation to show the 
presence or absence of link protein localization within engineered constructs, using 
either chondrocytes or mesenchymal stem cell. Due to the reduced ability to retain 
produced GAG, link protein analysis was a logical first step to determine mechanisms 
responsible for the reduction in retention seen in MSC seeded constructs. Although 
link protein is responsible for stabilizing proteoglycan molecules onto hyaluronan to 
form aggregates, reduced amount of hyaluronan may also be a reason for the reduced 
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retention. Further immunohistochemical analysis can be done to determine hyaluronan 
localization within the engineered constructs. The outcome of such an analysis may 
also highlight another difference between chondrocyte and MSC matrix production 
and assembly. 
 In addition to the presence or absence of key matrix molecules essential for 
glycosaminoglycan aggregation, higher than normal enzymatic activity may also be 
responsible for reduced GAG retention. There are normal levels of cartilage specific 
enzymes that are required for tissue homeostasis. The over expression and/or 
production of catabolic enzymes (e.g. aggrecanases, matrix metalloproteinases and 
other members of the ADAMTS family) will lead to increased matrix degradation, 
resulting in decreased retention. Analysis of fragments of proteoglycan within the gels 
and in the surrounding medium can help determine if increased enzymatic activity is 
another mechanism responsible for GAG loss. Determining the size of fragments of 
proteoglycan lost can be done using a number of techniques, including western blot 
analysis or liquid chromatography, which have been successful used to analyze by 
products of matrix degradation (195, 196). These methods use epitope antibodies (e.g. 
epitope 3B3(-) and 846) to analyze volumes of proteoglycans that have been cleaved 
as a result catabolic activity, which are smaller in size compared to full length 
proteoglycan molecules. 
 
Analyzing production and assembly of other cartilage extracellular matrix 
molecules. 
 Although proteoglycan molecules make up a 15–40% and collagen fibers, 50-
75% of the dry mass of cartilage tissue, this ratio is different for tissue engineered 
cartilage. The analysis presented in this dissertation has focused mainly on the 
assembly of proteoglycan. Collagen assessment should be a logical step for further 
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analysis of the effects of the parameters perturbed in this dissertation, on cartilage 
engineered constructs. The study of collagen production and assembly may further 
highlight differences in the ability of chondrocytes and MSCs to produce functional 
cartilage tissue. 
 To begin assess metabolism of other extracellular matrix components in tissue 
engineered constructs, histological analysis of the engineered gels were done. The 
results of this analysis have been included in the appendix sections, as supplemental 
data on cell behavior.  Further analysis should include biochemical analysis of 
hydroxyproline, a major component of collagen, within the constructs or released to 
the surrounding medium. 
 
Effects of larger ranges in physical stimuli and longer time points on cell 
behavior. 
 In chapter 3, a survey was done to assess the range of scaffolds types and 
properties and loading conditions responsible for a particular cell response. In this 
survey, cell response to these factors was found to range across four orders of 
magnitude. This range was as a result of the multi-factorial effects within each 
experiment, which lead to decreases or increases in matrix production. As determined 
in the chapter, highly variable and complex environments are generated within the 
scaffolds when subjected to dynamic compression. The experiments carried out in 
chapters 4 and 5 sought to assess cell response to a very narrow range of scaffold 
properties. To expand on this analysis cell response to larger ranges in scaffold 
properties need to be done. The parametric analysis of loading scaffold done in 
chapter 3 showed that the physical stimuli within the stiffest, least permeable scaffold 
was still orders of magnitude below the stimuli present in loading cartilage plugs. To 
assess the response of cells to physiologically relevant physical stimuli, further 
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analysis of cells encapsulated in stiffer, less permeable gels is required. To this end, 
finite element models of dynamically loading polyethylene glycol scaffolds have been 
developed, the results of which are detailed in the appendix. The analysis of the 
physical environment within these scaffolds may result in stimuli closer to those seen 
in loading cartilage. 
 In addition, as indicated in chapters 4 and 5, a limitation of this dissertation is 
the short time points studied in analyzing physical stimuli effects on cells. And as 
discussed in those chapters, larger cells response to mechanical loading is observed at 
longer time points. This increased response is possibly due to cells’ ability to directly 
interact with their environment after their production of matrix molecules to which 
they can bind to. Increasing culture period may show increased response (stimulatory 
or inhibitory) to the loading conditions studied in chapters 4 and 5. 
 
Incorporate the use of functionalized scaffolds. 
 Another alternative to increasing cell interaction with mechanically loaded 
scaffolds is the use of ligand-functionalized scaffolds. Several studies have 
successfully functionalized RGD, the specific region to which cells bind to on matrix 
components, onto scaffold materials (197-199). These studies have shown differential 
response of cells to modified versus un-modified scaffolds, although they have mostly 
been done under free swell cultures conditions. For example, in the study by Connelly 
et al., increasing concentrations of RGD in modified alginate was found to 
increasingly inhibit chondrogenesis of bone marrow stromal cells (198). Extending the 
use of RGD-modified scaffolds to dynamic compression studies may create a more 
physiologically relevant environment to which cells respond differently. This increase 
in cell-matrix interaction may have an opposite effect under loading conditions and 
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result in increased chondrogenic response, leading to matrix production and assembly 
that may make for more functional constructs (197). 
 In addition, scaffolds can also be functionalized with matrix constituents that 
aid in the aggregate of cell generated extracellular matrix to increase retention. For 
example, functionalizing alginate scaffolds with link protein may have resulted in a 
different outcome than that seen in chapters 2, 4 and 5 of this dissertation. And indeed, 
as previously mentioned, a recent study by Nicodemus et al. (147) showed scaffolds 
functionalized with link protein successfully serving as anchors which increased 
retention of ECM molecules made by cells encapsulated within the scaffold.  
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Appendices 
 
APPENDIX A 
Supplementary Data for Chapters 2  
 The first aim of this dissertation detailed the effects of cell density and species 
on extracellular matrix assembly by chondrocytes and chondrogenically differentiated 
MSCs. This appendix contains supplementary supporting data not included in the 
body of the chapters. Specifically, it includes data on the cummulative release of GAG 
to the surrounding medium by the cell seeded scaffolds. This data was used to estimate 
the percent GAG retained within the gels as a function of time in culture. The next set 
graph shows the amount of GAG produced by the seeded cells normalized to the dry 
weight of the constructs. The trends in this data set is similar to that found for the data 
on amount of GAG produced normalized to the wet weight of the constructs. In 
addition, on analyzing GAG produced by cells, the last set of data included shows 
glycosaminoglycan localization within the gels as indicated by Safranin O staining as 
well as link protein localized around chondrocytes and their limited or lack of 
localization within MSC seeded gels. The last analysis of proteoglycan produced was 
done using Western blot analysis. The analysis shows evidence of the G1 and G3 
domains (which are present on aggrecan molecules) in the medium in which MSC 
seeded constructs were incubated, which partially confirms chondrogenesis of the 
MSCs. Unfortunately, the results of the analysis produced a very murky result due the 
interference by alginate molecules. 
 Following the additional data on proteoglycan analysis are graphs and figures 
showing results of collagen assessment done via biochemical analysis of 
hydroxyproline and immunohistochemical analysis of both type I and II collagen. The 
biochemical analysis for hydroxyproline shows that the data on hydroxyproline gel 
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content was inconclusive due to large variations which we attribute to the possibility 
of alginate macromolecules interfering with the hydroxyproline assays of the gel 
samples. Alternatively, the trends of total hydroxyproline produced and amount 
retained were similar to that found for total GAG produced and retained. Although 
there was less of a dependence on cell density. Analysis of the type of collagen 
produced by the differentiated MSCs showed positive stained via 
immunohistochemistry for both type I and II collagen. Although there was more 
staining for type I collagen, the positive staining for type II collagen further confirms 
that the MSCs underwent chondrogenesis due to the culture conditions used for the 
experiments. 
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Cumulative release of GAG into media with time for gels seeded at 1 x 106 cells/ml 
(A), 10 x 106 cells/ml (B), 25 x 106 cells/ml (C), and 50 x 106 cells/ml (D). Release was 
quantified from pooled media from 7-8 disks for bovine AC, equine AC, P1 and P2 
MSCs. 
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Sample images of gels stained for glycosaminoglycan via Safranin O by histological 
analysis on 6 week gels (images at 200X magnification) 
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Representative sample images of chondrocyte and MSC seeded gels analyzed for link 
protein using immunohistochemical analysis on gels at 2 weeks (images at 200X 
magnification). The images show samples staining positively for link protein (brown 
stains) that are mostly localized to areas surrounding the encapsulated cells (dark 
blue). 
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Representative sample images of chondrocyte and MSC seeded gels analyzed for link 
protein using immunohistochemical analysis on gels at 4 weeks (images at 200X 
magnification). The images show samples staining positively for link protein (brown 
stains) that are mostly localized to areas surrounding the encapsulated cells (dark 
blue). 
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Average amount of hydroxyproline in gels in micrograms (top), normalized to dry 
weight (middle) and wet weight (bottom) for bovine and equine articular chondrocytes 
(AC) and equine MSCs (n = 7–9 ± stdev.) as a function of seeding density (x 106) 
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Average amount of total hydroxyproline produced by cell seeded constructs in 
micrograms (top) and percent retained within gels with time (bottom) for bovine and 
equine articular chondrocytes (AC) and equine MSCs (n = 7–9 ± stdev.) as a function 
of seeding density (x 106) 
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Representative sample images of MSC seeded gels analyzed for collagen I and II 
using immunohistochemical analysis on gels at 6 weeks (images at 100X 
magnification). The images show samples staining positively for collagen I and II 
(brown stains in “positive stains” panel). 
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APPENDIX B 
 
Immunohistological Analysis of Link Protein 
 
Introduction 
The first, third, and fourth aims of this thesis qualifies the ability of chondrocytes and 
mesenchymal stem cells to produce link protein when subjected to conditions detailed 
in the body of this dissertation. This appendix details the steps of the protocol used on 
staining paraffin imbedded and sectioned slide for link protein using 
immunohistological analysis. It relies on the use of hyaluronidase for epitope recovery 
and the binding of link protein specific antibodies for the visualization of link protein 
localization. This protocol was adapted from the article by Caterson EJ, Nesti LJ, Li 
W, Danielson KG, Albert TJ, Vaccaro AR and Tuan RS, titled “Three dimensional 
cartilage formation by bone marrow-derived cells seeded in polylactide/alginate 
amalgam” (published in J Biomed Mater Res. 2001 Dec 5;57(3):394-403). 
 
Materials 
All chemicals were purchased from Sigma-Aldrich unless otherwise specified. 
Tris-HCl – Cat. # T6666-250G 
Sodium acetate – Cat. # S8750-500G 
Bovine serum albumin – Cat. # A3803-100G 
N-ethymaleimide – Cat. # E1271-1G 
Hyaluronidase – Cat. # H3506 
Methanol – Cat. # M1775 
DAB histochemistry kit 1 (contained goat anti-mouse IgG-HRP): Invitrogen #D22185 
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Purified rat chondrosarcoma link protein-2 immunogen (monoclonal): Hybridoma 
bank #8-A-4 
*NB: Final working solution of DAB should be made fresh and immediately before 
use on slides 
 
Solutions to make before day of staining 
Solution A (masses in parenthesis are for a 100ml volume), pH-ed to 8.0 
50mM Tris-HCl (788mg) 
30mM Sodium Acetate (246.09mg) 
0.5mg/ml Bovine serum albumin (50mg) 
10mM N-ethymaleimide (125.13mg) 
 
Solutions to make on day of staining 
Hyaluronidase solution 
- 300U/ml hyaluronidase in solution A 
3% hydrogen peroxide in methanol 
Blocking solution 
- 1% (10mg/ml) blocking reagent in PBS 
Primary antibodies 
- Link protein antibody solution (1:125 dilution) diluted in 1% blocking solution 
HRP conjugate working solution 
- prepare 1ug/ml working solution by diluting HRP-conjugate (1:500) in 1% 
blocking solution 
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Methodology  
1. De-paraffinize and hydrate slides to distilled water 
2. During hydration in distilled water, prepare enzyme solution if needed (i.e. 
hyaluronidase solution for link protein) 
3. Predigest sections for 30mins at 37°C with enzyme solution to expose protein 
of interest 
4. Rinse extensively in PBS 
- i.e. rinse with 3 changes of PBS for 5mins each 
5. Treat with 3% hydrogen peroxide in methanol for 30mins to inactivate 
endogenous peroxidases at room temperature 
6. Block with blocking serum solution for 30mins at room temperature 
7. Incubate with primary antibody solution for 60mins at room temp. 
- check and hydrate samples periodically prevent sample dehydration 
8. Rinse 3X with PBS 
9. Prepare working solution of the HRP conjugate  
10. Apply HRP-conjugate working solution to samples and incubate for 30-60mins 
at room temperature 
11. Rinse 3X with PBS 
12. Apply DAB/H2O2 solution to specimen and visualize under microscope to 
assess the degree of color development (10sec to 5mins) 
13. Counter stain with Hematoxylin and eosin 
 
Conclusion 
 The protocol outline above successfully shows localization of link protein on 
fixed and sectioned samples. Images showing the results of this protocol can be seen 
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in micrographs of stained slides from experiments detailed in above chapters, shown 
in appendix c. 
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APPENDIX C 
 
Development of a Finite Element Model of a Dynamically 
Compressing Scaffold  
 
Introduction 
The second aim of this chapter focused on the development of a finite element model 
of a dynamically loading cartilage tissue engineering scaffold. This aim sought to 
quantify the physical stimuli present within loading scaffolds that may be imposed on 
cells seeded within them.  In this aim, the parametric analysis of 16 scaffolds 
encompassing 360 different combinations of scaffold modulus and permeability was 
also reported. This appendix details the development of the model, analysis of its finite 
element model output and the code used for the parametric study. 
 
Methods 
Model Development 
To analyze the physical stimuli (i.e. pressures, stresses, velocities and strains) present 
within a dynamically compressing scaffold, a time dependant coupled pore 
pressure/effective stress analysis was implemented using the structural mechanics and 
chemical engineering modules of COMSOL multiphysics software package 
(COMSOL, Burlington, MA). This was used to model fluid/solid interactions within 
the loading scaffolds. Darcy’s law in the chemical engineering module (Eq. 1 and 2) 
and solid mechanics governing equations in the structural mechanics module (Eq. 3) 
were used. The governing equation for steady-state Darcy flow was set to depend on 
fluid density ρf, solid fraction θs, and fluid velocity ν; the latter which was dependent 
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on the solid permeability κ, fluid viscosity η and pressure gradient ∇p. The equations 
are 
                                             ( ) F∇
t∂
∂
ffsf v ρρθρ =•+ ,                                              (1)                           
    ( )pv ∇-η
κ= ,                                                                 (2) 
Scaffold solid deformation depended on the normal σ & shear τ stresses and strains ε 
imposed on the models as a result of the cyclic load, with the governing equations 
given by 
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rz  ∂
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∂
 ∂ +=γ ,                    (3) 
A source term, given as F in equations 1 and 3, was implemented to define the 
fluid/solid interaction, coupling plane strain deformation to Darcy flow, and was 
imposed as  
                                                  -
tt
z
∂
  ∂
∂
 ∂ r εε + ,                                                           (4) 
The model was assumed to be axi-symmetric in response and incompressible solid and 
fluid conditions were also assumed. 
 
FE analysis of loading scaffolds 
The finite element model a of scaffold undergoing uniaxial unconfined compression 
were created using COMSOL multiphysics software (Burlington, MA). The models 
were of a two dimensional axisymmetric scaffolds and contained 320 quadrilateral 
elements each which were exponentially biased to the edges and yielded a total of 
3063 degrees of freedom. The scaffold materials were assumed to be homogenous and 
isotropic with strain dependent permeability. All scaffolds were assumed to be 98% 
porous with poisson's ratio of 0.167 and average solid density of 1240 Kg/m3. The 
scaffolds were simulated to be fully hydrated with the fluid having an assumed 
viscosity of 0.001 Pa·s and density of 1000 Kg/m3.  
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% COMSOL Multiphysics Model M-file 
% Generated by COMSOL 3.3a (COMSOL 3.3.0.511, $Date: 2007/02/02 19:05:58 $) 
  
flclear fem 
  
% COMSOL version 
clear vrsn 
vrsn.name = 'COMSOL 3.3'; 
vrsn.ext = 'a'; 
vrsn.major = 0; 
vrsn.build = 511; 
vrsn.rcs = '$Name:  $'; 
vrsn.date = '$Date: 2007/02/02 19:05:58 $'; 
fem.version = vrsn; 
  
% Geometry 
g1=rect2(1,0.4,'base','corner','pos',[0,0]); 
g2=rect2('0.005','0.0015','base','corner','pos',{'0','0'},'rot','0'); 
  
% Analyzed geometry 
clear s 
s.objs=; 
s.name={'R1'}; 
s.tags={'g2'}; 
  
fem.draw=struct('s',s); 
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fem.geom=geomcsg(fem); 
% COMSOL Multiphysics Model M-file 
% Generated by COMSOL 3.3a (COMSOL 3.3.0.511, $Date: 2007/02/02 19:05:58 $) 
  
% Geometry 
g1=rect2('0.00125','0.001','base','corner','pos',{'0','0'},'rot','0'); 
  
% Analyzed geometry 
clear s 
s.objs={g1}; 
s.name={'R1'}; 
s.tags={'g1'}; 
  
fem.draw=struct('s',s); 
fem.geom=geomcsg(fem); 
% COMSOL Multiphysics Model M-file 
% Generated by COMSOL 3.3a (COMSOL 3.3.0.511, $Date: 2007/02/02 19:05:58 $) 
  
% Initialize mesh 
fem.mesh=meshinit(fem, ... 
                  'hauto',5); 
  
% Refine mesh 
fem.mesh=meshrefine(fem, ... 
                    'mcase',0, ... 
                    'rmethod','regular'); 
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% Refine mesh 
fem.mesh=meshrefine(fem, ... 
                    'mcase',0, ... 
                    'rmethod','regular'); 
  
% (Default values are not included) 
  
% Application mode 1 
clear appl 
appl.mode.class = 'SmeAxialSolid'; 
appl.mode.type = 'axi'; 
appl.module = 'SME'; 
appl.gporder = 4; 
appl.cporder = 2; 
appl.assignsuffix = '_smaxi'; 
clear prop 
prop.analysis='quasi'; 
appl.prop = prop; 
clear bnd 
bnd.Rz = {0,0,0,'-0.00005*flc1hs(t-250,250)'}; 
bnd.Hz = (200); 
bnd.constrcond = {'free','sym','roller','displacement'}; 
bnd.ind = [2,3,4,1]; 
appl.bnd = bnd; 
clear equ 
equ.nu = 0.125; 
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equ.E = 0.700e6; 
equ.Fz = '-p2z'; 
equ.Fr = '-p2r'; 
equ.ind = [1]; 
appl.equ = equ; 
fem.appl{1} = appl; 
  
% Application mode 2 
clear appl 
appl.mode.class = 'DarcysLaw'; 
appl.mode.type = 'axi'; 
appl.dim = {'p2'}; 
appl.module = 'CHEM'; 
appl.shape = {'shlag(1,''p2'')'}; 
appl.gporder = 2; 
appl.cporder = 1; 
appl.assignsuffix = '_chdl'; 
clear prop 
clear weakconstr 
weakconstr.value = 'off'; 
weakconstr.dim = {'lm3'}; 
prop.weakconstr = weakconstr; 
appl.prop = prop; 
clear bnd 
bnd.p0 = {0,'p2',0,0}; 
bnd.type = {'ax','N0','N0','P'}; 
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bnd.ind = [1,2,3,4]; 
appl.bnd = bnd; 
clear equ 
equ.eta = 0.83; 
equ.F = '(-(diff(uaxir_smaxi,t)+diff(wz,t)))*1e3'; 
equ.epsilon = 0.83; 
equ.init = 0; 
equ.k = 7.6e-15; 
equ.rho = 1e3; 
equ.ind = [1]; 
appl.equ = equ; 
fem.appl{2} = appl; 
fem.sdim = {'r','z'}; 
fem.frame = {'ref'}; 
fem.border = 1; 
fem.outform = 'general'; 
clear units; 
units.basesystem = 'SI'; 
fem.units = units; 
  
% Multiphysics 
fem=multiphysics(fem); 
  
% Extend mesh 
fem.xmesh=meshextend(fem); 
  
  139
% Solve problem 
fem.sol=femtime(fem, ... 
                'solcomp',{'w','p2','uor'}, ... 
                'outcomp',{'w','p2','uor'}, ... 
                'tlist',[0:50.0:2000.0], ... 
                'tout','tlist'); 
  
% Save current fem structure for restart purposes 
fem0=fem; 
  
% Plot solution 
postplot(fem, ... 
         'tridata',{'p2','cont','internal','unit','Pa'}, ... 
         'trimap','jet(1024)', ... 
         'deformsub',{'uaxi_smaxi','w'}, ... 
         'arrowdata',{'u_chdl','v_chdl'}, ... 
         'arrowxspacing',15, ... 
         'arrowyspacing',15, ... 
         'arrowtype','arrow', ... 
         'arrowstyle','proportional', ... 
         'arrowcolor',[1.0,0.0,0.0], ... 
         'solnum','end', ... 
         'title','Time=2000    Surface: Pressure [Pa]   Arrow: Velocity field [m/s]   
Deformation: Displacement [m]', ... 
         'axis',[-6.451517874866485E-4,0.0022013390400076865,-
5.528143240131765E-4,0.0017220451487794273,-1,1]); 
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Model Validation 
The implementation of the code outlined below results in the analysis of articular 
cartilage with a modulus of 0.675MPa, hydraulic conductivity of 7.6e-15 m4/N.s., 
poisson’s ratio of 0.125, solid density of 1.373g/ml, viscosity of 0.83 N.s/m2 and 
porosity of 70%. First, the geometry is created and meshes applied. The modules 
defining the physics of the analysis implemented in application mode 1 (solid 
mechanics) and application mode 2 (Darcy law). Meshes are then extended to the 
application modes. This model was validated by comparison to data published by 
Spilker, Suh and Mow in the Journal of Biomechanical Engineering May 1990, vol. 
112. The results of this validation are consistent with those reported in the Spilker, 
Suh and Mow paper. The plot below shows the results of the validation which is 
consistent with the results published by Spilker et al. for the conditions detailed for 
geometry B. And the subsequent table shows parameters translated from the models 
developed by Spilker et al, for use in the model developed here. 
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Parametric Analysis 
This developed model was used to estimate the mechanical environment resulting 
from an applied uniaxial unconfined sinusoidal load with 5% strain amplitude 
superimposed on a 5% strain offset at frequency of 1 Hz. The boundary conditions 
allowed displacement to occur freely at the top (loaded) surface and along the radial 
direction, but fixed along the axial direction at the bottom surface. Loading was 
simulated using an impermeable, frictionless loader with fluid movement confined to 
the radial edge. Scaffolds with moduli ranging from 0.5 to 512 kPa and hydraulic 
permeabilities ranging from 5e-14 to 1.0e-10 m4/N.s were analyzed. The finite 
element simulations were run for 300s, at which time steady state was achieved for all 
physical stimuli. Analysis was performed at the maxima and minima of each cycle 
(every t=0.25s) during the dynamic deformational loading. The maximum steady state 
peak pressures, shear stresses, radial fluid velocities and radial strains at equilibrium 
were analyzed. Analysis of a cartilage plug with the above mentioned dimensions and 
loading conditions was conducted for comparison with the loaded scaffolds, with an 
assumed modulus of 700kPa, hydraulic permeability of 7.6e-15 m4/N.s, solid density 
of 7850 kg/m3, poisson’s ratio of 0.125, and a porosity of 70%. 
 
Code 
The implementation of the code outlined below results in the parametric analysis of 
scaffolds with moduli ranging from 0.5 to 512 kPa and hydraulic permeabilities 
ranging from 5e-14 to 1.0e-10 m4/N.s.  Increments of theses ranges are as listed in the 
modarray and perarray matrices in the extended mesh routine. First, the geometry is 
created and meshes applied. The modules defining the physics of the analysis 
implemented in application mode 1 (solid mechanics) and application mode 2 (Darcy 
law). Meshes are then extended to the application modes. The equations specified in 
  143
the application modes are then solved for pressure, strain, shear stress and radial fluid 
velocity, implemented within a series of while loops. The solutions for each modulus 
and permeability pair is saved in a text file created and saved as the “Press Ex_Ky” 
where E represents the modulus constant and x the value that constant in pascals and 
K represents the permeability constant and y, the value of the constant in m2. 
 
flclear fem 
  
% COMSOL version 
clear vrsnb 
vrsn.name = 'COMSOL 3.3'; 
vrsn.ext = 'a'; 
vrsn.major = 0; 
vrsn.build = 511; 
vrsn.rcs = '$Name:  $'; 
vrsn.date = '$Date: 2007/02/02 19:05:58 $'; 
fem.version = vrsn; 
  
% Geometry 
g1=rect2(1,0.4,'base','corner','pos',[0,0]); 
g2=rect2('0.005','0.0015','base','corner','pos',{'0','0'},'rot','0'); 
  
% Analyzed geometry 
clear s 
s.objs={g2}; 
s.name={'R1'}; 
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s.tags={'g2'}; 
  
fem.draw=struct('s',s); 
fem.geom=geomcsg(fem); 
% COMSOL Multiphysics Model M-file 
% Generated by COMSOL 3.3a (COMSOL 3.3.0.511, $Date: 2007/02/02 19:05:58 $) 
  
% Geometry 
g1=rect2('0.00125','0.001','base','corner','pos',{'0','0'},'rot','0'); 
  
% Analyzed geometry 
clear s 
s.objs={g1}; 
s.name={'R1'}; 
s.tags={'g1'}; 
  
fem.draw=struct('s',s); 
fem.geom=geomcsg(fem); 
% COMSOL Multiphysics Model M-file 
% Generated by COMSOL 3.3a (COMSOL 3.3.0.511, $Date: 2007/02/02 19:05:58 $) 
  
% Geometry 
g2=rect2('0.004','0.0020','base','corner','pos',{'0','0'},'rot','0'); 
  
% Analyzed geometry 
clear s 
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s.objs={g2}; 
s.name={'R1'}; 
s.tags={'g2'}; 
  
fem.draw=struct('s',s); 
fem.geom=geomcsg(fem); 
% COMSOL Multiphysics Model M-file 
% Generated by COMSOL 3.3a (COMSOL 3.3.0.511, $Date: 2007/02/02 19:05:58 $) 
  
% Geometry 
g1=rect2(0.0040,0.0010,'base','corner','pos',[0,0]); 
g3=rect2('0.0040','0.0008','base','corner','pos',{'0','0'},'rot','0'); 
g4=rect2('0.0040','0.0007','base','corner','pos',{'0','0'},'rot','0'); 
g5=rect2('0.0040','0.0005','base','corner','pos',{'0','0'},'rot','0'); 
[g6]=geomcopy({g5}); 
g6=move(g6,[0,7.5E-4]); 
g6=move(g6,[0,7.5E-4]); 
g7=rect2(0.0010,0.0020,'base','corner','pos',[0.0030,0]); 
g8=rect2('0.0005','0.0020','base','corner','pos',{'0.0030','0'},'rot','0'); 
g8=move(g8,[7.499999999999998E-4,0]); 
g8=move(g8,[-0.0010,0]); 
g9=rect2('5.0E-4','0.0020','base','corner','pos',{'0.004','0'},'rot','0'); 
g10=rect2('5.0E-4','0.0020','base','corner','pos',{'0.0005','0'},'rot','0'); 
g11=rect2('5.0E-4','0.0020','base','corner','pos',{'0.005','0'},'rot','0'); 
g12=rect2('5.0E-4','0.0020','base','corner','pos',{'0.05','0'},'rot','0'); 
g13=rect2('5.0E-4','0.0020','base','corner','pos',{'0.005','0'},'rot','0'); 
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g14=rect2('5.0E-4','0.0020','base','corner','pos',{'0.004','0'},'rot','0'); 
g15=rect2('5.0E-4','0.0020','base','corner','pos',{'0.0045','0'},'rot','0'); 
g16=rect2('5.0E-4','0.0020','base','corner','pos',{'0.0035','0'},'rot','0'); 
  
% Analyzed geometry 
clear s 
s.objs={g2,g5,g6,g16}; 
s.name={'R1','R2','R3','R4'}; 
s.tags={'g2','g5','g6','g16'}; 
  
fem.draw=struct('s',s); 
fem.geom=geomcsg(fem); 
% COMSOL Multiphysics Model M-file 
% Generated by COMSOL 3.3a (COMSOL 3.3.0.511, $Date: 2007/02/02 19:05:58 $) 
  
% Geometry 
  
% Geometry objects 
clear s 
s.objs={g2}; 
s.name={'R1'}; 
s.tags={'g2'}; 
  
fem.draw=struct('s',s); 
% COMSOL Multiphysics Model M-file 
% Generated by COMSOL 3.3a (COMSOL 3.3.0.511, $Date: 2007/02/02 19:05:58 $) 
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% Geometry 
  
% Analyzed geometry 
clear s 
s.objs={g2}; 
s.name={'R1'}; 
s.tags={'g2'}; 
  
fem.draw=struct('s',s); 
fem.geom=geomcsg(fem); 
  
% COMSOL Multiphysics Model M-file 
% Generated by COMSOL 3.3a (COMSOL 3.3.0.511, $Date: 2007/02/02 19:05:58 $) 
  
% (Default values are not included) 
  
% COMSOL Multiphysics Model M-file 
    % Generated by COMSOL 3.3a (COMSOL 3.3.0.511, $Date: 2007/02/02 19:05:58 
$) 
     
    % Create mapped quad mesh 
    fem.mesh=meshmap(fem, ... 
             'edgegroups',{{[2],[4],[3],[1]}}, ... 
             'edgelem',{1,[0:0.5:2.5 3:1:7 7.5:0.5:10],2,[0 0.1801764433778299 
0.32855770621241176 0.4507545858245572 0.5513877594590998 
0.6342625077170205 0.7025126050830863 0.7587188185364379 
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0.8050064950773133 0.8431259282843007 0.874518542833419 
0.9003713996395082 0.921662082643639 0.9391956645677698 
0.9536351494368349 0.9655265430029726 0.9753194990694128 
0.983384322421347 0.9900259713020967 0.9954955889155542 1],3,[0 
0.1801764433778299 0.32855770621241176 0.4507545858245572 
0.5513877594590998 0.6342625077170205 0.7025126050830863 
0.7587188185364379 0.8050064950773133 0.8431259282843007 
0.874518542833419 0.9003713996395082 0.921662082643639 0.9391956645677698 
0.9536351494368349 0.9655265430029726 0.9753194990694128 
0.983384322421347 0.9900259713020967 0.9954955889155542 1],4,[0:0.5:2.5 3:1:7 
7.5:0.5:10]}, ... 
             'hauto',5); 
           
% Application mode 1 
clear appl 
appl.mode.class = 'SmeAxialSolid'; 
appl.mode.type = 'axi'; 
appl.module = 'SME'; 
appl.gporder = 4; 
appl.cporder = 2; 
appl.assignsuffix = '_smaxi'; 
clear prop 
prop.analysis='quasi'; 
appl.prop = prop; 
clear bnd 
bnd.Rz = {0,0,0,'-0.0002+0.0002*sin(2*pi*t)'}; 
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bnd.Hz = {0,0,0,1}; 
bnd.constrcond = {'free','sym','roller','displacement'}; 
bnd.ind = [2,3,4,1]; 
appl.bnd = bnd; 
clear equ 
equ.nu = 0.125; 
equ.rho = 1240; 
equ.betadK = 0.01; 
  
equ.Fz = '-p2z'; 
equ.Fr = '-p2r'; 
equ.ind = [1]; 
appl.equ = equ; 
fem.appl{1} = appl; 
  
% Application mode 2 
clear appl 
appl.mode.class = 'DarcysLaw'; 
appl.mode.type = 'axi'; 
appl.dim = {'p2'}; 
appl.module = 'CHEM'; 
appl.shape = {'shlag(1,''p2'')'}; 
appl.gporder = 2; 
appl.cporder = 1; 
appl.assignsuffix = '_chdl'; 
clear prop 
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clear weakconstr 
weakconstr.value = 'off'; 
weakconstr.dim = {'lm3'}; 
prop.weakconstr = weakconstr; 
appl.prop = prop; 
clear bnd 
bnd.p0 = {0,'p2',0,0}; 
bnd.type = {'ax','N0','N0','P'}; 
bnd.ind = [1,2,3,4]; 
appl.bnd = bnd; 
clear equ 
equ.eta = 1e-3; 
equ.F = '(-(diff(uaxir_smaxi,t)+diff(wz,t)))*1e3'; 
equ.epsilon = 0.98; 
equ.init = 0; 
  
equ.rho = 1e3; 
equ.ind = [1]; 
appl.equ = equ; 
fem.appl{2} = appl; 
fem.sdim = {'r','z'}; 
fem.frame = {'ref'}; 
fem.border = 1; 
fem.outform = 'general'; 
clear units; 
units.basesystem = 'SI'; 
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fem.units = units; 
  
% Multiphysics 
fem=multiphysics(fem); 
  
% Extend mesh 
fem.xmesh=meshextend(fem); 
  
modarray = [500 1000 2000 4000 8000 16000 32000 64000 96000 128000 160000 
192000 224000 256000 320000 384000 448000 512000]; 
perarray = [5e-17 1E-16 2E-16 4E-16 8E-16 1.6E-15 3.2E-15 6.4E-15 9.6E-15 1.28E-
14 1.6E-14 1.92E-14 2.24E-14 2.56E-14 3.2E-14 3.84E-14 4.48E-14 5.12E-14 7.68E-
14 1.024E-13]; 
  
l=11; 
m=2; 
  
while l<=length(modarray) 
equ.E = modarray(l); 
  
  
            while m<=length(perarray) 
            equ.k = perarray(m); 
                         
            % Solve problem 
            fem.sol=femtime(fem, ... 
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            'solcomp',{'w','p2','uor'}, ... 
            'outcomp',{'w','p2','uor'}, ... 
            'tlist',[0.000001:0.01667:299.99999], ... 
            'tout','tlist'); 
         
         
            %Press 
            fp=fopen(['Press_E' num2str(l) '_k' num2str(m) '.txt'],'wt'); 
            for it = 1:15:17971 
            pd_press = posteval(fem,'p2','Solnum',it); 
            pd_press_data = transpose(pd_press.d); 
            Press = transpose(pd_press.d);  
            Max_Press = max(Press(:,1)); 
            Min_Press = min(Press(:,1)); 
            fprintf(fp,'%f %f \n',Min_Press',Max_Press'); 
            end 
            fclose(fp); 
             
            clear pd_press 
            clear pd_press_data 
            clear Press 
             
            %er Strain 
            fp=fopen(['erStrain_E' num2str(l) '_k' num2str(m) '.txt'],'wt'); 
            for it = 1:15:17971 
            pd_erStrain = posteval(fem,'er_smaxi','Solnum',it); 
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            pd_erStrain_data = transpose(pd_erStrain.d); 
            erStrain = transpose(pd_erStrain.d); 
            Max_erStrain = max(erStrain(:,1)); 
            Min_erStrain = min(erStrain(:,1)); 
            fprintf(fp,'%f %f \n',Min_erStrain',Max_erStrain'); 
            end 
            fclose(fp); 
             
            clear pd_erStrain 
            clear pd_erStrain_data 
            clear erStrain 
             
            %Shear 
            fp=fopen(['Shear_E' num2str(l) '_k' num2str(m) '.txt'],'wt'); 
            for it = 1:15:17971 
            pd_Shear = posteval(fem,'srz_smaxi','Solnum',it); 
            pd_Shear_data = transpose(pd_Shear.d); 
            Shear = transpose(pd_Shear.d); 
            Max_Shear = max(Shear(:,1)); 
            Min_Shear = min(Shear(:,1)); 
            fprintf(fp,'%f %f \n',Min_Shear',Max_Shear'); 
            end 
            fclose(fp); 
             
            clear pd_Shear 
            clear pd_Shear_data 
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            clear Shear 
             
            %rVel 
            fp=fopen(['rVel_E' num2str(l) '_k' num2str(m) '.txt'],'wt'); 
            for it = 1:15:17971 
            pd_rVel = posteval(fem,'u_chdl','Solnum',it); 
            pd_rVel_data = transpose(pd_rVel.d); 
            rVel = transpose(pd_rVel.d); 
            Max_rVel = max(rVel(:,1)); 
            Min_rVel = min(rVel(:,1)); 
            fprintf(fp,'%f %f \n',Min_rVel',Max_rVel'); 
            end 
            fclose(fp); 
             
            clear pd_rVel 
            clear pd_rVel_data 
            clear rVel 
  
        m=m+1; 
        l 
        m 
        end 
        l=l+1; 
end 
 % Save current fem structure for restart purposes 
fem0=fem; 
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Conclusion 
As expected and validated, the developed model exhibited classic poroelastic 
behavior, having pressurized cores with low fluid flow and edges with high radial 
fluid velocities. This code was modified for the parametric analysis of scaffolds with 
360 combinations of modulus and permeability. And as shown in chapter 3, this model 
can be successfully used for the analysis of dynamically compressing scaffolds and 
tissues. 
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APPENDIX D 
 
Supplementary Data for Chapters 4  
 
Introduction 
The fourth aim of this dissertation detailed the response of chondrocytes to scaffold 
composition and dynamic compression. This appendix contains supplementary 
supporting data not included in the body of the chapters. 
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Sample images of gels stained for glycosaminoglycan via Safranin O by histological 
analysis on 2 week gels (images at 20X magnification) 
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Sample images of gels stained for collagen via picrosirius red by histological analysis 
on 2 week gels (images at 20X magnification) 
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Sample images of gels analyzed for link protein using immunochemical analysis on 
gels at 2week (images at 20X magnification) 
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APPENDIX D 
 
Finite Element Analysis of Dynamically Compressing  
Poly(ethylene) Glycol Scaffolds  
 
Introduction 
This appendix details the development of a finite element model of poly(ethylene 
glycol) scaffolds undergoing unconfined cyclic dynamic compression. These 
simulations were done as a collaborative effort with Dr. Stephanie Bryant at the 
University of Colorado. Relevant parameter of two PEG scaffolds with different 
material properties and loading regimens were incorporated into the developed finite 
element model of dynamically compressing scaffolds. The models of the two scaffolds 
were used to analyze the physical gradient present within their scaffolds. 
 
Parameters Modeled 
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COMSOL code using properties of 10wt% PEG gel 
 
% COMSOL Multiphysics Model M-file 
% Generated by COMSOL 3.3a (COMSOL 3.3.0.511, $Date: 2007/02/02 19:05:58 $) 
  
flclear fem 
  
% COMSOL version 
clear vrsn 
vrsn.name = 'COMSOL 3.3'; 
vrsn.ext = 'a'; 
vrsn.major = 0; 
vrsn.build = 511; 
vrsn.rcs = '$Name:  $'; 
vrsn.date = '$Date: 2007/02/02 19:05:58 $'; 
fem.version = vrsn; 
  
% Geometry 
g1=rect2(1,0.4,'base','corner','pos',[0,0]); 
g2=rect2('0.005','0.0015','base','corner','pos',{'0','0'},'rot','0'); 
  
% Analyzed geometry 
clear s 
s.objs={g2}; 
s.name={'R1'}; 
s.tags={'g2'}; 
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fem.draw=struct('s',s); 
fem.geom=geomcsg(fem); 
% COMSOL Multiphysics Model M-file 
% Generated by COMSOL 3.3a (COMSOL 3.3.0.511, $Date: 2007/02/02 19:05:58 $) 
  
% Geometry 
g1=rect2('0.00125','0.001','base','corner','pos',{'0','0'},'rot','0'); 
  
% Analyzed geometry 
clear s 
s.objs={g1}; 
s.name={'R1'}; 
s.tags={'g1'}; 
  
fem.draw=struct('s',s); 
fem.geom=geomcsg(fem); 
% COMSOL Multiphysics Model M-file 
% Generated by COMSOL 3.3a (COMSOL 3.3.0.511, $Date: 2007/02/02 19:05:58 $) 
  
% Geometry 
g2=rect2('0.004','0.0020','base','corner','pos',{'0','0'},'rot','0'); 
  
% Analyzed geometry 
clear s 
s.objs={g2}; 
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s.name={'R1'}; 
s.tags={'g2'}; 
  
fem.draw=struct('s',s); 
fem.geom=geomcsg(fem); 
% COMSOL Multiphysics Model M-file 
% Generated by COMSOL 3.3a (COMSOL 3.3.0.511, $Date: 2007/02/02 19:05:58 $) 
  
% Geometry 
g1=rect2(0.0040,0.0010,'base','corner','pos',[0,0]); 
g3=rect2('0.0040','0.0008','base','corner','pos',{'0','0'},'rot','0'); 
g4=rect2('0.0040','0.0007','base','corner','pos',{'0','0'},'rot','0'); 
g5=rect2('0.0040','0.0005','base','corner','pos',{'0','0'},'rot','0'); 
[g6]=geomcopy({g5}); 
g6=move(g6,[0,7.5E-4]); 
g6=move(g6,[0,7.5E-4]); 
g7=rect2(0.0010,0.0020,'base','corner','pos',[0.0030,0]); 
g8=rect2('0.0005','0.0020','base','corner','pos',{'0.0030','0'},'rot','0'); 
g8=move(g8,[7.499999999999998E-4,0]); 
g8=move(g8,[-0.0010,0]); 
g9=rect2('5.0E-4','0.0020','base','corner','pos',{'0.004','0'},'rot','0'); 
g10=rect2('5.0E-4','0.0020','base','corner','pos',{'0.0005','0'},'rot','0'); 
g11=rect2('5.0E-4','0.0020','base','corner','pos',{'0.005','0'},'rot','0'); 
g12=rect2('5.0E-4','0.0020','base','corner','pos',{'0.05','0'},'rot','0'); 
g13=rect2('5.0E-4','0.0020','base','corner','pos',{'0.005','0'},'rot','0'); 
g14=rect2('5.0E-4','0.0020','base','corner','pos',{'0.004','0'},'rot','0'); 
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g15=rect2('5.0E-4','0.0020','base','corner','pos',{'0.0045','0'},'rot','0'); 
g16=rect2('5.0E-4','0.0020','base','corner','pos',{'0.0035','0'},'rot','0'); 
  
% Analyzed geometry 
clear s 
s.objs={g2,g5,g6,g16}; 
s.name={'R1','R2','R3','R4'}; 
s.tags={'g2','g5','g6','g16'}; 
  
fem.draw=struct('s',s); 
fem.geom=geomcsg(fem); 
% COMSOL Multiphysics Model M-file 
% Generated by COMSOL 3.3a (COMSOL 3.3.0.511, $Date: 2007/02/02 19:05:58 $) 
  
% Geometry 
  
% Geometry objects 
clear s 
s.objs={g2}; 
s.name={'R1'}; 
s.tags={'g2'}; 
  
fem.draw=struct('s',s); 
% COMSOL Multiphysics Model M-file 
% Generated by COMSOL 3.3a (COMSOL 3.3.0.511, $Date: 2007/02/02 19:05:58 $) 
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% Geometry 
  
% Analyzed geometry 
clear s 
s.objs={g2}; 
s.name={'R1'}; 
s.tags={'g2'}; 
  
fem.draw=struct('s',s); 
fem.geom=geomcsg(fem); 
% COMSOL Multiphysics Model M-file 
% Generated by COMSOL 3.3a (COMSOL 3.3.0.511, $Date: 2007/02/02 19:05:58 $) 
  
% Geometry 
g1=rect2('0.0030','0.0010','base','corner','pos',{'0','0'},'rot','0'); 
  
% Analyzed geometry 
clear s 
s.objs={g1}; 
s.name={'R1'}; 
s.tags={'g1'}; 
  
fem.draw=struct('s',s); 
fem.geom=geomcsg(fem); 
% COMSOL Multiphysics Model M-file 
% Generated by COMSOL 3.3a (COMSOL 3.3.0.511, $Date: 2007/02/02 19:05:58 $) 
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% Geometry 
g2=rect2('0.0025','0.005','base','corner','pos',{'0','0'},'rot','0'); 
  
% Analyzed geometry 
clear s 
s.objs={g2}; 
s.name={'R1'}; 
s.tags={'g2'}; 
  
fem.draw=struct('s',s); 
fem.geom=geomcsg(fem); 
% COMSOL Multiphysics Model M-file 
% Generated by COMSOL 3.4 (COMSOL 3.4.0.248, $Date: 2007/10/10 16:07:51 $) 
  
% COMSOL version 
clear vrsn 
vrsn.name = 'COMSOL 3.4'; 
vrsn.ext = ''; 
vrsn.major = 0; 
vrsn.build = 248; 
vrsn.rcs = '$Name:  $'; 
vrsn.date = '$Date: 2007/10/10 16:07:51 $'; 
fem.version = vrsn; 
  
% Create mapped quad mesh 
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fem.mesh=meshmap(fem, ... 
                 'edgegroups',{{[2],[4],[3],[1]}}, ... 
                 'edgelem',{1,[0:0.5:2.5 3:1:7 7.5:0.5:10],2,[0 0.1801764433778299 
0.32855770621241176 0.4507545858245572 0.5513877594590998 
0.6342625077170205 0.7025126050830863 0.7587188185364379 
0.8050064950773133 0.8431259282843007 0.874518542833419 
0.9003713996395082 0.921662082643639 0.9391956645677698 
0.9536351494368349 0.9655265430029726 0.9753194990694128 
0.983384322421347 0.9900259713020967 0.9954955889155542 1],3,[0 
0.1801764433778299 0.32855770621241176 0.4507545858245572 
0.5513877594590998 0.6342625077170205 0.7025126050830863 
0.7587188185364379 0.8050064950773133 0.8431259282843007 
0.874518542833419 0.9003713996395082 0.921662082643639 0.9391956645677698 
0.9536351494368349 0.9655265430029726 0.9753194990694128 
0.983384322421347 0.9900259713020967 0.9954955889155542 1],4,[0:0.5:2.5 3:1:7 
7.5:0.5:10]}, ... 
                 'hauto',5); 
  
% (Default values are not included) 
  
% Application mode 1 
clear appl 
appl.mode.class = 'SmeAxialSolid'; 
appl.mode.type = 'axi'; 
appl.module = 'SME'; 
appl.gporder = 4; 
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appl.cporder = 2; 
appl.assignsuffix = '_smaxi'; 
clear prop 
prop.analysis='quasi'; 
appl.prop = prop; 
clear bnd 
bnd.Tni = 1e6; 
bnd.Rz = {0,0,0,'-0.00025-0.0003125*sin(2*pi*0.3*t)'}; 
bnd.Ttri = 1e6; 
bnd.Ttzi = 1e6; 
bnd.Hz = {0,0,0,1}; 
bnd.constrcond = {'free','sym','roller','displacement'}; 
bnd.pt = 'E_smaxi/h*min(1e-4*5^auglagiter,0.1)'; 
bnd.pn = 'E_smaxi/h*min(1e-4*5^auglagiter,0.1)'; 
bnd.ind = [2,3,4,1]; 
appl.bnd = bnd; 
clear equ 
equ.nu = 0.125; 
equ.rho = 1070; 
equ.betadK = 0.01; 
equ.E = 1024E3; 
equ.Fz = '-p2z'; 
equ.Fr = '-p2r'; 
equ.ind = [1]; 
appl.equ = equ; 
fem.appl{1} = appl; 
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% Application mode 2 
clear appl 
appl.mode.class = 'DarcysLaw'; 
appl.mode.type = 'axi'; 
appl.dim = {'p2'}; 
appl.module = 'CHEM'; 
appl.shape = {'shlag(1,''p2'')'}; 
appl.gporder = 2; 
appl.cporder = 1; 
appl.assignsuffix = '_chdl'; 
clear prop 
clear weakconstr 
weakconstr.value = 'off'; 
weakconstr.dim = {'lm3'}; 
prop.weakconstr = weakconstr; 
appl.prop = prop; 
clear bnd 
bnd.p0 = {0,'p2',0}; 
bnd.type = {'ax','N0','P'}; 
bnd.ind = [1,2,3,3]; 
appl.bnd = bnd; 
clear equ 
equ.eta = 1e-3; 
equ.F = '(-(diff(uaxir_smaxi,t)+diff(wz,t)))*1e3'; 
equ.epsilon = 0.9171; 
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equ.init = 0; 
equ.k = 1.02E-13; 
equ.rho = 1e3; 
equ.ind = [1]; 
appl.equ = equ; 
fem.appl{2} = appl; 
fem.sdim = {'r','z'}; 
fem.frame = {'ref'}; 
fem.border = 1; 
fem.outform = 'general'; 
clear units; 
units.basesystem = 'SI'; 
fem.units = units; 
  
% Multiphysics 
fem=multiphysics(fem); 
% COMSOL Multiphysics Model M-file 
% Generated by COMSOL 3.4 (COMSOL 3.4.0.248, $Date: 2007/10/10 16:07:51 $) 
  
% COMSOL version 
clear vrsn 
vrsn.name = 'COMSOL 3.4'; 
vrsn.ext = ''; 
vrsn.major = 0; 
vrsn.build = 248; 
vrsn.rcs = '$Name:  $'; 
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vrsn.date = '$Date: 2007/10/10 16:07:51 $'; 
fem.version = vrsn; 
  
% (Default values are not included) 
  
% Application mode 1 
clear appl 
appl.mode.class = 'SmeAxialSolid'; 
appl.mode.type = 'axi'; 
appl.module = 'SME'; 
appl.gporder = 4; 
appl.cporder = 2; 
appl.assignsuffix = '_smaxi'; 
clear prop 
prop.analysis='quasi'; 
appl.prop = prop; 
clear bnd 
bnd.Tni = 1e6; 
bnd.Rz = {0,0,0,'-0.0003125-0.0003125*sin(2*pi*0.3*t)'}; 
bnd.Ttri = 1e6; 
bnd.Ttzi = 1e6; 
bnd.Hz = {0,0,0,1}; 
bnd.constrcond = {'free','sym','roller','displacement'}; 
bnd.pt = 'E_smaxi/h*min(1e-4*5^auglagiter,0.1)'; 
bnd.pn = 'E_smaxi/h*min(1e-4*5^auglagiter,0.1)'; 
bnd.ind = [2,3,4,1]; 
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appl.bnd = bnd; 
clear equ 
equ.nu = 0.125; 
equ.rho = 1070; 
equ.betadK = 0.01; 
equ.E = 46090; 
equ.Fz = '-p2z'; 
equ.Fr = '-p2r'; 
equ.ind = [1]; 
appl.equ = equ; 
fem.appl{1} = appl; 
  
% Application mode 2 
clear appl 
appl.mode.class = 'DarcysLaw'; 
appl.mode.type = 'axi'; 
appl.dim = {'p2'}; 
appl.module = 'CHEM'; 
appl.shape = {'shlag(1,''p2'')'}; 
appl.gporder = 2; 
appl.cporder = 1; 
appl.assignsuffix = '_chdl'; 
clear prop 
clear weakconstr 
weakconstr.value = 'off'; 
weakconstr.dim = {'lm3'}; 
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prop.weakconstr = weakconstr; 
appl.prop = prop; 
clear bnd 
bnd.p0 = {0,'p2',0}; 
bnd.type = {'ax','N0','P'}; 
bnd.ind = [1,2,3,3]; 
appl.bnd = bnd; 
clear equ 
equ.eta = 1e-3; 
equ.F = '(-(diff(uaxir_smaxi,t)+diff(wz,t)))*1e3'; 
equ.epsilon = 0.9171; 
equ.init = 0; 
equ.k = 9.19E-10; 
equ.rho = 1e3; 
equ.ind = [1]; 
appl.equ = equ; 
fem.appl{2} = appl; 
fem.sdim = {'r','z'}; 
fem.frame = {'ref'}; 
fem.border = 1; 
fem.outform = 'general'; 
clear units; 
units.basesystem = 'SI'; 
fem.units = units; 
 % Multiphysics 
fem=multiphysics(fem); 
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